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Abstract 
Gali Ali Bag Gorge is located in W-NW Zagros Fault Thrust Belt, Kurdistan Region, 
northern Iraq. The gorge exposes shallow marine Lower Cretaceous Qamchuqa carbonates 
along more than 5km. The investigated outcropped carbonate strata and equivalent 
subsurface sections consist of several dolostone bodies with unique and complex arrays of 
saddle and zebra dolomite textures especially in fractured intervals. Such carbonates are 
structurally controlled and affected by hydrothermal fluid flow and represent one of the 
major and important reservoir rocks in the High Folded oilfields. 
An integrated study combining field observations, core descriptions, microstructural 
analysis, petrographic study, stable C, O and Sr isotopes, fluid inclusion data, mineralogical 
and geochemical investigations reveals at least two main phases of multiple fluxes of 
hydrothermal fluid circulation during the Zagros Orogeny at the end of the Cretaceous and 
in Miocene to Pliocene time. These fluids were responsible for the formation of early 
regional non-focused, strata-bound hydrothermal dolomitization followed by localized fault- 
and fracture-focused hydrothermal dolomitization. These hydrothermal fluid flows caused 
variable textural and compositional alteration, overgrowth and zonation in dolomite occurred 
in a fairly open diagenetic system. 
The host dolostone was affected by shortening, folding, fracturing, and thrust 
faulting. Saddle dolomite pipes are associated with enéchelon folding. The morphology and 
areal extent of the zebra dolomite was controlled by the pore geometry of the host dolostone 
in relationship to fracturing and faulting. 
Five types of pervasive dolomites, three types of saddle dolomites and four types of 
calcite cements have been identified. Compositionally, the pervasive and saddle dolomites 
are dominantly poorly ordered, non-ferroan and non-stoichiometric. Both matrix and saddle 
dolomite cements have comparable, overlapping stable isotopic values and slightly 
radiogenic 87Sr/86Sr ratios. The primary fluid inclusion microthermometry of pervasive and 
saddle dolomites reveal saline and moderate to high homogenization temperatures. 
Pervasive dolomites moderately display comparable saddle dolomite REE patterns, 
light REE (LREE) enrichment, and moderate to low (∑REEs) content. These geochemical 
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attributes suggest hydrothermal saline brines mixed with connate marine fluids caused the 
dolomitization and precipitation of dolomite cements. These processes modified the original 
pore system and, in combination with fracturing, generated areas of excellent porosity and 
permeability, as exemplified by the presence of porous saddle dolomite and variety of zebra 
textures. 
Both host and cement dolomite fabrics show a wide variability of diagenetic 
alteration that modified the original pore system. These alterations resulted from the 
incursion of multiple, earlier hydrothermal and saline fluid fluxes and later meteoric fluids 
during uplift and exposure. These alteration processes include dissolution, cementation and 
karst formation. Excellent intervals of reservoir facies and well-developed porous and 
permeable intervals are found in association with hydrothermal dolomites. In the outcropped 
section, the best reservoir properties encountered in the central gorge around thrust faults. In 
these zones zebra textures crossed cut by late extensional semi-vertical joints, especially 
when dissolution along these fractures led to the development and enlargement of the vuggy 
pores and fractures. 
This study demonstrates the linkage between fluid flux history and related diagenesis 
during the tectonic evolution of Zagros Basin, and provides an ideal example of the role of 
thrusting and tectonics in controlling diagenetic fluids and modifying reservoir 
characteristics. The improved understanding of porous saddle dolomite and HZDs may aid 
future exploration for hydrocarbon reservoir in the Zagros Fold Thrust Belt Basin. 
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Chapter 1   
1.1 Introduction 
Fluid flow in sedimentary basins has the capacity to transfer of both heat and mass in 
solution (Parnell, 1994) to precipitate of sedimentary ore depoists, to creating secondary 
porosity, and to cause petroleum migration (Kharaka and Hanor, 2004; Bjorlykke 2016). The 
capacity of these fluids is controlled by early sediment deformation, the location of 
sedimentary bodies and sedimentary sequences, and fracturing (Gay and Migeon, 2017). 
Therefore, the study of paleo-fluid flow in sedimentary basins is crucial for understanding 
the evolutionary history of the original sediments and its implication for reservoir 
characteristics. 
In the Middle East, especially in the Zagros Fold Thrust Belt (ZFTB) Basin (ZFB) 
(Fig. 1.1 and 1.2), large petroleum reservoirs occur. The Early Cretaceous Arabian platform 
consists of a thick succession of dolostones and limestones (Fig. 1.3). The Qamchuqa 
Formation is a prime example that hosts large accumulations of hydrocarbons in the region 
(Buday, 1980, Alavi, 2004, Al-Shdidi et al, 1995; Jassim and Goff, 2006). The Qamchuqa 
Formation underwent intensive diagenetic processes, such as dolomitization, dissolution, 
cementation, and fracturing, which contributed to enhanced porosity and the development of 
prospective reservoir characteristics (Al-Shdidi et al, 1995).  
Recent studies suggest that faults and fractures contributed to the migration of 
diagenetic fluids, as well as be hydrocarbon migration and emplacement in the Cretaceous 
sedimentary sequences of the Zagros Foreland Basin. These studies in the High Folded Zone 
(HFZ) show similarities in their paragenetic sequences of hydrothermal fluid precipitation 
of calcite cement-rich hydrocarbon inclusions filling vug and fractures in the Late Cretaceous 
Bekheme Formation (Mansurbeg at al., 2016), and Early Cretaceous Qamchuqa Formation 
(Kareem et al., 2019). The same hydrothermal fluids were responsible for the precipitation 
of saddle dolomite in the Bekhme Formation (Mansurbeg at al., 2016),  and for a range of 
hydrothermal saddle dolomite and zebra textures filling more than one generation of shearing 
fractures in the Lower Cretaceous Qamchuqa Formation  (Kareem et al., 2019; manuscripts 
1 and 2 this thesis), fracture-related dolomitization of the Bekheme Formation (Mansurbeg 
et al., 2016), regional non-focused fault and fracture related dolomitization of the Qamchuqa 
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Formation carbonates (Kareem et al., 2019; 1 and 2), and selective dissolution along fractures 
(Kareem et al., 2019) and (3). 
Seismic surveys, field observations, and structural investigations show that deep or 
basinal fault and fracture trends contributed to circulation of saline and hot fluids vertically 
upward via these faults to shallow depths.These fluids were responsible for extensive 
diagenetic alterations, such as dolomitization, saddle dolomite precipitation, zebra textures 
formation, and hydrocarbon migration and accumulation (e.g., Coniglio et al., 1994; Carter 
et al., 1996; Haeri-Ardakani, et al., 2013a, b; Mansurbeg et al., 2016; Kareem et al., 2019; 1 
and 2). 
Hydrothermal fluid flow that was responsible for the precipitation and/or 
recrystallization of diagenetic minerals and their host carbonates has been reported by many 
authors (e.g., Coniglio et al., 1994; Girard and Barnes, 1995; Yoo et al., 2000; Luczaj et al., 
2006; Mansurbeg et al., 2019; Kareem et al., 2019). Recent data by Kareem et al., (2019) 
show from fluid inclusions high homogenization temperatures (Th) and salinity that occur in 
these minerals (matrix and cement dolomite, calcite cement). These Th values are notably 
higher than the maximum burial temperatures for these analyzed strata. Thes results suggest 
that the circulation of hydrothermal fluids from deep or basinal strata upward via faults to 
shallow depths was responsible for dolomitization and the precipitation of these minerals. 
In the High Folded Zone (HFZ) of the Kurdistan region, the Bekhme Formation (Upper 
Campanian) has dolomite-hosted, non-economic cavity filling Pb–Zn deposits (Shingaly et 
al., 2014) that were precipitated from low temperature hydrothermal fluids associated with 
igneous activity and were formed in a carbonate platform setting and developed in a foreland 
thrust belt (Al-Kaaby et al., 2011). Mansurbeg et al. (2016) reported that the hydrothermal 
and brine fluids that moved up the faults and fractures were capable of dolomitization and 
saddle dolomite cementation. The presence of primary fluid inclusions in dolomite zones and 
in calcite cement postdate saddle dolomite in Cretaceous carbonate strata (Mansurbeg et al., 
2016; Kareem et al., 2019) suggest that the hydrocarbon-bearing fluids were responsible for 
dolomitization and calcite cementation. 
Most of the discovered oil and gas producing fields in Iraq occur in Cretaceous and 
Cenozoic reservoirs (Verma et al., 2004). The Kurdistan region has great potential for 
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hydrocarbons and is highly underexplored, especially in the High Folded Zone. After 2010, 
exploration in the Kurdistan region of Iraq resulted in the finding of large hydrocarbon pools 
of oil and gas fields in Cretaceous reservoirs, of which the Qamchuqa Formation is a prime 
example. Therefore, the oil and gas industry is now focusing significant attention on the 
ZFTB of northern Iraq (English et al., 2015). 
Previous studies on the Qamchuqa Formation were concentrated on the petrology, 
sedimentology, stratigraphy, microfacies, and sequence stratigraphy in different locations of 
Iraq. Most of them attempted to study the formation with regional dimensions, and a few 
studies attempted to investigate diagenetic alteration and reservoir characterization. The 
present study evaluates the Qamchuqa reservoir by analyzing data that was gathered from 
outcrop (surface) and core samples (subsurface), and by using multiple techniques that have 
not been used before. These data will be utilized to evaluate the role of fractures in shaping 
the hydrothermal carbonate reservoir in the area and will provide a unique example of 
investigating fluid flow and diagenesis in foreland basins. 
 Several studies evaluated reservoir characterictics of the Qamchuqa Formation in 
northern Iraq. All these studies are located within low folded and foot hill zones (Jassim and 
Goff 2006). However, final well reports of newly discovered oil and gas fields located in the 
HFZ clearly described saddle dolomite which were interpreted as a hydrothermal cement. 
However, no detailed study has been conducted to include the diagenetic alteration, reservoir 
implications and evaluation of successions of the Qamchuqa Formation. Such fields include 
Tawke, Swara Tika, Atrush, Akri Bijeel, Qara Dagh and Mil Qasim-1, and Bina Bawi which 
were discovered after 2006 to 2012 (Fig, 1.5). Since 2003, there has been a great impetus to 
explore and develop the High Folded Zone of the Kurdistan region.  
1.2 Thesis objectives 
The nature of diagenetic fluids and their geochemical characteristics of Cretaceous 
sequences in this part of Kurdistan have not been investigated thoroughly in a broader 
stratigraphic and structural context. As such, a broader-scale regional and stratigraphic study, 
utilizing geochemical and fluid inclusion data, is required to address major questions 
regarding the dolomitization and cementation of a wide range of saddle dolomite and zebra 
textures in the area. 
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Porosity and permeability are the main two factors controlling reservoir characteristics. 
Because of the direct connection between dolomitization, dissolution, fracturing and 
generation of economically significant secondary porosity and permeability, a broader study 
incorporating field observations, core descriptions, and detailed petrographic with SEM 
investigations of pore types, geometry and distribution is required to address major questions 
related to reservoir genesis and evolution. 
Hence, this study will provide an example of the role of thrusting and tectonics in 
controlling diagenetic fluids and modifying reservoir characteristics. Integration of detailed 
field, petrographic and geochemical data from fractured dolostones could demonstrate 
different phases of fluid movement during active phase(s) of tectonic cycles in the Zagros 
region from Late Cretaceous to Early Neogene time and how these fluids affected 
dolomitization and reservoir evolution in the study area. 
In this investigation, the following questions are addressed: 
1. What are the structural mechanisms and driving forces that created a wide range of 
saddle dolomite and zebra textures? 
2. What is the nature of the paleo-fluid flow system(s) that led to extensive 
dolomitization and dolomite cementation, creating a wide range of recrystallization, 
zoning, and overgrowth textures, in the Lower Cretaceous Qamchuqa Formation? 
3. What caused hydrothermal fluid migration and what was the nature of the heat 
source? and 
4. What are the important factors that controlled and improved the reservoir 
characteristics of the dolomites in the Qamchuqa Formation?  
 To achieve these goals, the following objectives were established:  
1. Classify saddle dolomite and zebra textures from outcrop and core samples related to 
faults, fractures and host rock lithologies and fabrics; 
2. Determine the distribution, occurrence and genesis of different types of secondary 
carbonates and associated diagenetic minerals;  
3. Establish the nature and characterization of diagenetic fluids during the various stages of 
diagenesis; 
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4. Characterize the impact of diagenetic processes on porosity development and predicting 
the spatial and temporal distribution of diagenetic alterations related to fracturing events 
and of their impact on reservoir quality and heterogeneity; and 
5. Construction of a conceptual model elucidating paleofluid circulation for early 
dolomitization and later dolomite alteration and cementation and illustrating fluid flow 
circulation and pathways related to depth.  
 Samples for this study were collected from 16 outcrop sections in Gali Ali Bag Gorge 
and subsurface core samples were collected from two geotechnical boreholes (BH#2 and 
BH#7) that were chosen from ten totally cored wells. More than three hundred samples, 
including two hundred and fifty-two outcrop samples and one hundred and sixty-three core 
samples, were selected for the purposes of this study. Acquisition of one hundred and sixty 
meters of core descriptions and sampling from two geotechnical wells, which were selected 
from total ten described wells drilled for dam foundations, was also conducted. 
A total of one hundred and sixty-three standard and large thin-sections were prepared 
and studied using conventional petrographic microscopy, and cathodoluminescence and 
ultraviolet microscopy. Seventeen doubly polished, 100 μm-thick wafers of calcite and 
dolomite were prepared for fluid inclusion studies. Ninety-eight samples of selected 
diagenetic minerals were processed and analyzed for stable (O and C) isotopes and 87Sr/86Sr 
isotopic ratios. Seventy-eight samples representing micro-drilled samples were processed 
and analyzed for major and trace elements. 
1.3 Outline of the thesis structure 
To be able to address the questions in the framework of the thesis objectives, a 
thorough understanding of a wide range of saddle dolomite and zebra textures and their 
relationship to tectonic events was necessary. Understanding dolomitization models and the 
nature of fluids involved in dolomitization and subsequent alteration and cementation of 
saddle dolomite and zebra textures represnet a crucial topics that need to be addressed. 
Previous studies proposed various dolomitization mechanisms for the Lower Cretaceous 
Qamchuqa Formation, however, none have been conducted in the study area and the effect 
of dolomitization and subsequent alteration on the reservoir characteristics of Cretaceous 
carbonates has not been discussed in detail. 
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As a first step, fieldwork and core descriptions, supported by petrographic studies on 
major and minor structures were carried out in order to have a better understanding of the 
relationship between fracture systems, host dolomites and cement dolomites. Subsequently, 
dolomite formation and associated subsequent alteration, as well as the different stages of 
fracture mineralization, were thoroughly investigated. The previously proposed 
dolomitization models for Qamchuqa Formation in other locations were critically reviewed 
to refine them based on the additional geochemical data presented in this study. The 
integrated data obtained from field observation, core descriptions, petrography, geochemical 
studies and fluid inclusion data were then applied to suggest a conceptual paleo-fluidflow 
model for the migration and timing of diagenetic fluids in carbonate successions of the High 
Folded Zone in the Kurdistan region of northern Iraq. 
The results of this study are presented in the framework of a Ph.D. thesis consisting 
of five chapters. The first chapter introduces this thesis and the fifth chapter presents a 
summary of the whole investigation. Chapters two to four are a collection of three 
manuscripts, the first one being published already and the other two in preparation to be 
submitted to scientific journals. 
Chapter 2 is entitled “Structurally-controlled hydrothermal fluid flow in an 
extensional tectonic regime: A case study of Lower Cretaceous Qamchuqa Formation, 
Zagros Basin, Kurdistan Iraq”. In this chapter, a combination of fieldwork observations, core 
descriptions, and petrographic study were carried out to classify the different types of saddle 
dolomites and zebra texture sizes. In addition to dolomitization, the nature of the fluid(s) 
associated with late-stage fracturing was also investigated. A combination of stable isotope, 
Sr isotopes, and fluid inclusion data suggest the involvement of hydrothermal fluids in the 
recrystallization and overgrowth of dolomite and the precipitation of calcite cementation, 
whilst the same fluids carried hydrocarbons following uplift and, when exposed to meteoric 
water, were associated with late-stage calcite cementation. The results of this study were 
employed to establish a conceptual fluid flow model for the non-focused and strata-bound 
dolomitization and focused saddle dolomites and zebra textures of the Lower Cretaceous 
Qamchuqa Formation carbonate rocks. Furthermore, the mechanisms for the alteration of 
dolomite and late calcite cementation were investigated and discussed.  
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Chapter 3 is entitled: “Paleo-fluid Flow, fracturing, and hydrothermal alteration of 
the Lower Cretaceous Qamchuqa Formation, Kurdistan Region, Northern Iraq: Field, 
petrographic, isotopic, fluid inclusions and geochemical evidence”. In this chapter, the 
proposed model for fracture-related dolomitization and the precipitation of a wide range 
saddle dolomites in the Lower Cretaceous Qamchuqa Formation and their implications were 
reviewed and critically evaluated. To better understand paleo-fluid flow mechanisms, and to 
improve constraints on the nature of the dolomitizing fluids and propose a fluid flow model 
isotopic, fluid inclusions analysis and geochemical data (i.e., major and trace elements REE 
compositions) were applied. The result of this study indicates that three different fluid types 
(hydrothermal fluids, formation waters and meteoric water) are the main diagenetic fluid 
types responsible for the intensive alteration that affected the Lower Cretaceous carbonate 
rocks of the Gali Ali Bag Gorge. 
Chapter 4 has the following title: “Reservoir implications of hydrothermal 
dolomitization in Lower Cretaceous Qamchuqa Formation carbonates, Kurdistan region, 
northern Iraq”. This manuscript will be submitted to the GeoArabian Journal. To investigate 
porosity and permeability distribution and their implications for different diagenetic 
processes, an integrated field work, petrologic and geochemical approach were utilized to 
characterize the role of different diagenetic processes, such as dolomitization, compaction, 
fracturing, dissolution and cementation on porosity distribution. The origin and timing of 
dissolution and cementation fluids and their role in porosity evolution and their effect on 
reservoir characteristics were determined based on geological and petrophysical 
characterizations.  
1.4 Geologic setting 
The Cretaceous Arabian platform consists of a thick succession of carbonate rocks. 
This succession covers most of northern Iraq, parts of the southwestern Arabian Gulf and 
Saudi Arabia. The thick successions of the Qamchuqa, Shuaiba and Mauddud formations 
were deposited on an Early Cretaceous platform. These carbonate units are the main and 
most important reservoirs for oil in the Middle East (Buday, 1980, Alavi, 2004, Jassim and 
Goff, 2006). 
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The depositional history of the north Arabian Plate in the Kurdistan Region, Iraq has 
been assumed to have been subjected to intense tectonic activity throughout the Cretaceous, 
with isolation in a depositional basin, uplift and erosion also occurring during this period 
(Numan (1997). At the end of the Hauterivian, the depositional environment changed from 
a carbonate ramp system to a rimmed shelf and the lower units of the Qamchuqa Formation 
deposited on a platform margin in northern Iraq (Aqrawi et al., 2010). 
Generally, the Qamchuqa Formation was deposited in low-energy normal and shallow 
marine water environments, as a result of increasing temperature and salinity (Buday, 1980, 
Al-Naqib, 1960, Al-Shakri, 1977), in a wide range of carbonate platform settings, including 
tidal flat, lagoon, shoal, patch reef and fore-slope to ramp environments (Al-Sadooni, 1978; 
Sahar, 1987; Al Shdidi et al., 1995; Al-Peryadi, 2002; Al-Juboury et al., 2006; Ameen, 2008). 
These environments repeated several times through the whole succession of the formation 
(Ameen, 2008). A warm saline environment and semi-closed circulation in a lagoon 
environment were suitable conditions for high evaporation and early dolomitization of the 
sediments (Ameen and Karim, 2008). 
In the High Zagros Fold-Thrust Zone, towards the platform in the High Folded Zone, 
Cretaceous carbonate rocks are divided into several depositional cycles that are separated by 
unconformities (cycles of uplift and erosion), which separate different time-equivalent 
formations (Fig. 1.3). These unconfprmities separate formations such as Qamchuqa and 
Bekhme, Dokan and Qamchuqa, Qamchuqa and Kometan (Bellen et al., 1959; Buday 1980; 
Karim 2004; Karim and Surdashy 2005a and 2005b; Al-Barzinjy 2005; Karim et al 2008; 
Amen and Karim, 2008; Ameen 2008; Taha, 2008). 
Elsewhere, an unconformity occurs between the Qamchuqa Formation (Barremian-
Middle Cenomanian) and the Kometan Formation (Late Turonian-Early Campanian) (Lawa 
and Gahrib, 2009) and is widely recognized in the SE Zagros, Iran, where it occurs at the top 
of the Upper Sarvak Formation (e.g., Hajikazemi et al., 2010, 2012; Agard et al., 2011). 
Protracted exposure and dissolution created a range of vugs, caused fracture enlargement and 
karstification and formed caverns (Saddoni and Alsharhan, 2003). 
Dolomitization of the Qamchuqa Formation occurred by early or late digenetic 
processes (pervasive dolomitization) (Ameen, 2008). Extensive dolomitization, uplift and 
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exposure, dissolution by meteoric water, fracturing and brecciation are the main factors that 
enhanced the porosity and permeability (Saddoni and Alsharhan, 2003), and created high 
potential reservoirs in most of the oil fields of Iraq (Sadooni and Sherhan, 2003; Al-peryadi, 
2002, Qadir, 2008, Al-Qayeim et al., 2008).  
The exposure of the upper part of the formation to meteoric water generated regional-
scale porosity and/or plugged this porosity during diagenesis. The second factor, formation 
of the Qulqula radiolarite and Mawat ophiolite during ophiolite formation after deposition of 
Qamchuqa formation, may have caused hydrothermal dolomitization (Al-Qayiem et al., 
2012). 
The heterogeneity of depositional environments has led to the formation of vertical 
and horizontal heterogeneity in sedimentary facies in most of the oil fields in northern Iraq 
(e.g., in Bi-Hassan oil field (Al-peryadi-2002), and TaqTaq oil field (Rashid, 2008)). Vertical 
and lateral facies variations in the Qamchuqa Formation have resulted in a variety of names 
that have been compounded further by varying terminology developed by operating oil 
companies. The Qamchuqa Formation in Low Folded Zone is divided into the Upper and 
Lower Qamchuqa formations that are separated by the Upper Sarmord and Nahr Umr 
formations (Fig-1.3). In the middle and south of Iraq, the Upper and the Lower Qamchuqa 
Formations have been renamed the Mauddud and Shuaiba formations, respectively (Fig. 1.3). 
The correlative formations to the Mauddud and Shuaiba formations in the East Zagros 
Mountains of Iran are the Dariyan Formation (Aptian) and the Albian part of Sarvak 
Formation (Buday, 1980). 
Karst features, caves and large vuggy pores are some of the special characteristics of 
the Qamchuqa Formation (Sadooni and Sherhan, 2003), which are described from dolostone 
outcrops in many locations in northern Iraq (Sadooni and Aqrawi, 2000). Furthermore, 
subsurface oil well core samples from oil fields show considerable vuggy porosity, as 
exemplified by the Kirkuk oil field (Al-Sadooni, 1978), Bai Hassan oil field (Al-Peryadi, 
2002), Taq Taq oil field (Rashid, 2008) and Khabas oil field (Qadir, 2008). There are some 
variations in both vuggy and moldic pore textures, as reported by many others from both 
surface outcrops (Ameen, 2008, 2010) and subsurface oil field wells (Al-Peryadi, 2002; Al-
Qayim and Rashid, 2010; Al-Qayim and Rashid, 2012). 
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1.5 Tectonic setting 
The Zagros Fold and Thrust Belt (ZFTB) is part of the Alpine-Himalayan mountain 
belt and extends from Turkey to the Hormuz Strait (Fig. 1.1A). The belt developed because 
of the collision of the Arabian and Eurasian plates following the convergence and the final 
closure of the Neo-Tethys beginning in the Late Cretaceous (Berberian and King, 1981; 
Alavi, 1994; Sharland et al., 2001; Agard et al., 2005; Al-Qayim et al., 2012; Mohammed et 
al, 2014) (Fig. 1.4). 
At least two main tectonic events affected the ZFTB, Late Cretaceous obduction 
processes and Late Miocene-Pliocene collision, resulting in major deformation of 
Phanerozoic successions in the region. These deformation events involved major folding, 
faulting and fracturing, shortening, uplift and exposure, and collision between and suturing 
of the Arabian and Iranian continental plates (Sanandaj-Sirjan Block) (Stoneley, 1981; 
Berberian and King, 1981; Koop and Stoneley, 1982; Alavi, 1994, 2004, 2007; Hamzepour 
et al., 1999; McQuarrie et al., 2003; Homke et al., 2004; Allen et al., 2004; Omar, 2005; Al-
Qayiem et al, 2012; Mouthereau et al., 2012; Koshnaw et al. 2017). 
There is considerable debate regarding the phases of Alpine folding. Some authors 
have mentioned that stages of folding happened in the Late Maastrichtian and Pliocene 
periods (Numan, 2000; Al-Azzawi, 2003; Numan and Al-Azzawi, 2002; Marouf, 1999), 
whereas others suggested that there is evidence of more than two phases of folding in 
Cretaceous and Tertiary successions (Buday and Jassim, 1987; Lovelock, 1984; Hessami 
et.al, 2001). 
In Kurdistan, Iraq, regional compression beginning in the Late Cretaceous, associated 
with obduction of the Mawat and Penjwin ophiolites and with emplacement of the Avroman 
and Qulqula thrust sheets onto the continental margin of the Arabian Plate resulted in 
foreland basin formation and development in the W-NW part of the ZFTB in Kurdistan 
region (Fig. 1.4) (Al-Qayiem et al, 2012). There are numerous studies emphasizing evidence 
demonstrating that collision and subduction tectonics was associated with volcanic activity 
in imbricate and thrust zones, as exemplified by the Qulqula radiolarite, Mawat Ophiolite 
and Walash volcanic rocks (Farzipour-Saein et al., 2009; Leturmy and Robin, 2010; Lawa 
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et al, 2013; Mohammad et al, 2014) (Fig. 1.4). The emplacement of the ophiolites is 
considered to have taken place during the Late Cretaceous (Jassim and Goff, 2006). 
As a part of the ZFTB in the Kurdistan region, northern Iraq is divided into several 
zones based on the structural elements of each, specifically the intensity and style of 
deformation, which are mostly related to the Zagros convergence (Fig. 1.2 and 1.3) (Jassim 
and Goff, 2006; Aqrawi et al., 2010). Within the ZFTB, the intensity of deformation 
decreases towards the foreland (towards the SW). In the High Zagros Fold-Thrust Zone, the 
strata exhibit intense deformation, faulted and highly fractured. The intensity of these folds 
increase towards the Zagros thrust zone (Ammen and Gharib, 2014). The folds are 
characterized by thrust imbrication and high amplitude fault-propagation folds at the surface 
are separated by narrow synclines. Towards the SW, the Low Zagros Fold-Thrust Zone is 
characterized by folded and low-amplitude fault propagation folds separated by broad 
synclines. 
In the extreme northeastern part of the Arabian plate (Kurdistan Region), the Alpine-
Himalayan orogeny caused local exposure of Cretaceous sequences in the area and this 
exposure created caves and karsts (Sadooni and Sherhan, 2003). Furthermore, the different 
types of faults acted to increase lateral marine water circulation towards fracture zones. The 
zone shows that Pb-Zn deposits are related to intensive dolomitization and MVT ore deposit 
under tectonic activity (Shingaly et al., 2014). 
Tectonic events assisted in the intense fracture formations that host important 
Cretaceous reservoirs in the Foothill zone oil fields (i.e. Jambour, Bai Hassan, Khabbaz, Ain 
Zalah, Qarachuq, Hamrin etc...) (Fig. 1.3) that are equivalent to the Mauddud pay zone in 
southern Iraq. Oil is present in commercial amounts from carbonate reservoirs in the Tertiary 
Pila Spi Formation and from the Shiranish, Kometan and Upper Qamchuqa formations. 
Therefore, interest has greatly increased in the Qamchuqa reservoir in general and 
specifically in enhancing exploration plans for the Upper Qamchuqa reservoir. 
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Figure 1.1  Regional tectonic map of the Arabian plate and surrounding areas. The present-
day Arabian plate is bordered to the north by the intracontinental collisional zones of the 
Zagros and Bitlis, and by oceanic subduction along the Makran. To the east and west, the 
Arabian plate boundary is defined by the Dead Sea transform faults respectively, whereas 
the southern margin is defined by sea-floor spreading along the Red Sea and Gulf of Aden 
(after Vernant eat al., 2004 and English et al., 2015), the red rectangle shows the study area 
of the Zagros Fold- Thrust Belt –Kurdistan Region – North Iraq. 
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Figure 1.2 Tectonic subdivision of northern Iraq with the main structural trend (after Jassim 
and Goff, 2006). Red lines are thrusts that bound the High Folded Zone; 1) Mountain Front 
Flexure, 2) Ora Thrust and 3) High Zagros Reverse Fault. Mountain Front Flexure and High 
Zagros Reverse Fault are extended to the Iranian Zagros. 
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Figure 1.3 Chrono-stratigraphic chart of the Triassic to Paleocene sedimentary successions 
in Kurdistan region of Iraq (modified after Petroleum Geo-Services (PGS), 2007 and 
Mansurbeg et al., 2016). Hydrocarbon occurrence from English et al. (2015); Main 
unconformities and tectonic events from Jassim and Goff, (2006); Koshnaw et al., (2017). 
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Figure 1.4 Schematic presentation of the tectonic evolution of the Zagros Suture Zone of 
northeast Iraq (after Agard et al., 2005 and Al-Qayeim et al., 2012).  
A) Rifting of Arabian Plate margin. B) Obduction of Avroman-Radiolarite-ophiolite 
mélange and formation of a foreland basin. C) Development of the fore-arc basin during 
Eocene and Early Oligocene. D) Collision of Arabian Plate with the Sanandaj-Sirjan Block, 
and the emplacement of younger ophiolite and fore-arc massif. E) Development of the 
Zagros Orogenic Belt including the Zagros Suture Zone. 
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Figure 1.5 The location map shows the main structural features and subdivision of the Zagros 
fold and thrust belt zones and distribution oil and gas fields in the high and low folded zone 
of the Zagros Fold-Thrust Belt. The red rectangle shows the study area of the Zagros Fold- 
Thrust Belt –Kurdistan Region – North Iraq. 
  
26 
 
Chapter 2   
Structurally-controlled hydrothermal fluid flow in an extensional tectonic 
regime: a case study of Cretaceous Qamchuqa Formation, Zagros Basin, 
Kurdistan Iraq 
2.1 Introduction 
The formation of focused, structurally controlled hydrothermal dolomite (SCHTD; 
e.g. Davies and Smith, 2006) and regional, non-focused strata-bound dolomitization are 
controversial research subjects. Both styles of hydrothermal dolomitization affect reservoir 
quality and are of considerable importance for hydrocarbon exploration (Fuentes et al, 2009). 
Hydrothermal dolostone reservoirs in the Kurdistan Region of Iraq have gained 
increasing recognition in recent years (Di Cuia et al., 2003, Mansurbeg et al., 2016). The flux 
of hydrothermal fluids into cooler strata is envisaged to occur along deeply-seated faults in 
sedimentary basins (Duggan et al., 2001; Packard et al., 2001; Lavoie and Chi, 2006; Shah 
et al., 2010; Sharp et al., 2010; Dewitt et al., 2012, 2014; Haeri-Ardakani et al., 2013; Martín-
Martín et al., 2013, 2015; Corbella et al., 2014). The upward flux of these fluids has been 
attributed to strain cycling during basin deformation (Sibson et al., 1985) and/or through the 
sudden release of overpressure fluids (Muir-Wood, 1994), typically associated with 
transtensional to extensional faulting or strong strike-slip fault component (Fuentes et al, 
2009; Lavoie and Chi, 2010), hydrocarbon generation, or a combination of both (Swarbrick 
et al., 2002). These fluids are characterized by high salinity and temperatures higher than the 
surrounding host rocks (Davies & Smith 2006) (Lavoie and Chi, 2001; Al-Aasm, 2003; 
Lavoie and Morin, 2004; Lavoie et al., 2005; Lavoie, 2006; Knight et al., 2007; Azmy et al., 
2009, Conliffe et al., 2009; Lavoie and Chi, 2010; Conliffe et al. 2012; Mansurbeg et al., 
2016). The petrographic, geochemical and micro-thermometric characteristics of the 
hydrothermally altered reservoir rocks and associated saddle dolomite cement have been 
constrained in the literature (e.g. Lavoie and Morin, 2004). However, the roles of these 
hydrothermal fluids within the framework of reservoir evolution and hydrocarbon migration 
are not equally well reported in the literature (Mansurbeg et al., 2016).  
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This study will provide an ideal example of the role of thrust tectonic evolution of the Zagros 
fold-thrust belt, Kurdistan Region of Iraq in controlling diagenetic fluids of highly fractured 
and faulted dolostones of the Lower Cretaceous carbonates of the Qamchuqa Formation 
(Figs. 2.1 and 2.2). The field and core description will be linked to petrographic, isotopic and 
fluid inclusion analyses to demonstrate pulses of fluid movements during tectonic cycles in 
the Zagros region from the late Cretaceous to early Neogene. The study will also show how 
these fluids affected dolomitization and cementation in the study area and the surrounding 
frontier acreages currently open for exploration. 
2.2 Geological setting 
The study area is located within the High Folded Zone (HFZ) in the Northwestern 
segment of the Zagros Fold Thrust Belt (ZFTB) in the Kurdistan Region (Al-Kadhimi et al., 
1996; McQuarrie 2004; Jassim and Goff, 2006) (Fig. 2.1A). This zone is characterized by 
the presence of a vast number of sub-parallel high-amplitude anticlines and synclines 
(Fig.1B). These anticlines mostly have two major trends, a NW-SE trend paralleling the 
Zagros orogeny and an E-W trend paralleling the Taurus Mountains of southern Turkey 
(Sissakian and Fouad, 2012, Csontos et al., 2012). The fold trends show an abrupt change 
from NW-SE trend in the east of study area (parallel to Zeros Mountains Chains) to E-W 
oriented folds curved trend (parallel to the Taurus Mountains Chains) toward the western 
part of the study area (Figs. 2.1A and 2. 2).  
Within the part of Zagros Fold Thrust Belt (ZFTB; Alvai, 2004, 2006) in the 
Kurdistan Region, stresses generated many thrust and transverse faults and a number of fault-
related folds. In addition, a number of gorges in the high folded zone occur along traversal 
normal and strike slip faults. In the Zagros fold-thrust belt, the prominent physiographical 
features developed along transversal normal and strike-slip faults is Galley Ali Bag Gorge. 
This unique gorge is one of the longest, narrowest, deepest gorge (canyon like), and it 
developed through complex structural and geomorphological processes (Sissakian et al, 
2015). The gorge (700 m deep, 12.1 km length and 25m width) consists of massive thickly 
bedded Cretaceous carbonates (Sarmord, Qamchuqa and Bekhme formations; Fig. 2.3) 
(Sissakian and Abdul Jabbar, 2010; Sissakian, 2013; Sissakian et al, 2015).  
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The Cretaceous succession (Fig. 2.3) is one of the most widely exposed outcrops in 
the HFZ (Ameen and Gharib, 2014; Sissakian et al, 2015), and most HFZ structures are 
covered by Upper Cretaceous rocks, particularly the Aqra-Bekhme, Tanjero and Shiranish 
formations and early Cretaceous successions of the Qamchuqa, Balambo, Sarmord and 
Garagu formations (Buday, 980 & 1987; Sissakanian 1997) (Figs. 2.1, 2.2 and 2.3). The early 
Cretaceous Qamchuqa Formation (Barremian to Lower Early Cenomanian) (Ameen and 
Gharib, 2014) is an important rock unit in terms of exposure, thickness, and regional 
distribution in the North-Northeast Iraq-Kurdistan Region (Sissakian et al, 2015). In Gali Ali 
Bag Gorge, the outcropped carbonates comprise several hundred metres of neritic, thickly-
bedded shallow-water platform carbonates of the Qamchuqa Formation. Qamchuqa 
Formation is underlain conformably by the thinly interbedded soft, basinal marl and marly 
limestones of the Sarmord Formation, and overlain by the thickly-bedded Aqra-Bekhme 
carboantes. The succession of these Cretaceous formations has a cumulative thickness of 
more than 1500 m (Ameen and Gharib, 2014; Sissakian et al, 2015).  
The Early Cretaceous Qamchuqa Formation is a shallow-water carbonate deposited 
in a wide carbonate platform in a relatively lagoonal low energy environment (Buday, 1980, 
Al-Naqib, 1960, Al-Shakri, 1977), that included several sub-environments such as tidal flat, 
reef (barrier reef), lagoon, shoal, patch reef and fore-slope to ramp environments (Al-
Sadooni, 1978; Sahar, 1987; Al Shdidi et al., 1995; Al-Juboury et al., 2006; Ameen, 2008; 
Al-Qayim et al, 2010). Deposition took place in these environments several times during the 
buildup of the thick sequence of the Qamchuqa Formation.  
The early Cretaceous Qamchuqa strata is one of the main reservoir rocks in the 
Kurdistan Region of Iraq (Sadooni and Alsharhan, 2003) that have highly intercrystalline 
porosity, and significant large vuggy porosity associated with fractured dolostone facies (Al-
Qayim and Rashid, 2012). 
2.3 Samples and Methodology 
Samples were collected from 16 outcrop sections and subsurface core samples from 
two boreholes (BH#2 and BH#7; Fig. 2.2A). The unweathered fresh core samples came from 
two geotechnical boreholes in the study area that reached a depth of 48.8 m and 120 m at 
elevations 547 and 518 m, respectively. A total of 315 samples, which include 252 outcrop 
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samples and 163 core samples were collected from host rocks taking into consideration the 
proximity to major structural elements in the area. The dip and strike of bedding planes, dip 
and azimuth of fault and fractures have recorded and interpreted, as well as analysis of the 
small scale of fractures from the core data. Rose diagrams for each location were constructed 
for orientation including strik, dip azimuth and dipangle for both major and minor fractures. 
A total of 163 standard and large thin sections (30 to 35 μm thick) were prepared; 
115 from outcrop samples and 48 thin sections from subsurface core samples. These thin 
sections were examined using both conventional petrographic and cathodoluminescence 
microscopy. Thin sections were half stained with a mixture of Alizarin Red-Stain and 
Potassium Ferricyanide-Stain following the method of Dickson (1965). The morphology and 
textures of dolomite crystals of the host rocks were recognized based on crystal size, crystal 
boundary shape, using the classification proposed by Sibley and Gregg (1987). 
Oxygen and carbon isotopic ratios from 134 samples were determined; 36 calcite and 
98 dolomite samples, which were recovered using a microscopic mounted drill assembly. 
Samples were analyzed at the Department of Earth and EnvironmentalSciences, University 
of Windsor, Canada. The powders were weighted and reacted with 100% pure phosphoric 
acid for 4h at 25°C and 24h at 50°C for calcite and dolomite, respectively, following 
analytical procedures outlined by Al-Aasm et al. (1990). The evolved CO2 gas was analyzed 
by Delta-Plus mass spectrometer for its oxygen and carbon isotopic ratiose reported in per 
mil (‰) with respect to the Vienna Pee Dee Belemnite (VPDB) standard. These data were 
corrected for phosphoric acid fractionation for O and C isotopes. Precision was better than 
0.05‰ for both isotopes. 87Sr/86Sr isotopic ratios were determined for 20 selected samples 
of replacive dolomite, saddle dolomite, and calcite cements utilizing an automated Finnigan 
MAT 261TM mass spectrometer. Correction for isotopic fractionation during the analyses 
was made by normalization to 86Sr/88Sr = 0.1194. The mean standard error of mass 
spectrometer performance was ± 0.00002 for standard NBS-987. 
A total of 17 wafers from dolomite and calcite phases were prepared for fluid 
inclusion analysis. Petrographic examination of fluid inclusions was conducted followed by 
a determination of the number of phases (i.e., the liquid to vapor ratio) and their ratios in 
each of the fluid inclusions. Distinctions were made between primary, secondary, and 
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pseudo-secondary fluid inclusions. An attempt was also made to determine the composition 
(aqueous or hydrocarbon fluids) of the inclusions by using UV fluorescence microscopy; as 
most oil-filled inclusions fluoresce, while aqueous inclusions do not. Finally, micro-
thermometric measurements of the homogenization (Th) and final ice melting temperatures 
(Tmice) of fluid inclusions were measured at the Department of Environmental and Eath 
Science, University of Windsor, Canada. Utilizing a Linkam TH600 heating-freezing stage, 
coupled with the Olympus BX60 microscope (100x objective) based on the criteria 
specified by Roedder (1984). Homogenization temperatures (Th), halite-melting 
temperatures (Tm-halite) and ice-melting temperatures (Tm-ice) were measured with a 
precision (reproducibility) of ±1°C, ±1°C and ±0.1°C, respectively. 
2.4 Results 
2.4.1 Field observations 
Field observations included structures (on micro to macroscopic scales), of lateral 
and vertical distribution of saddle dolomite and zebra textures, and their relationship to the 
fault and fracture system. The areal extent of dolomitization was delineated. The majority of 
the investigated sections are dominated by zebra textures.  
The studied area consists of Gali Ali Bag Gorge which has a significant difference in 
elevation corresponding exposure to the thickly-bedded, jointed Qamchuqa Formation (Fig, 
2.2).  Dolomite occurs both as a replacement phase and as a fracture- and void-filling cement.  
Seldom replaced shell fragments by saddle dolomite are preserved within both the limestone 
facies and replacive gray dolostone layers (Figs. 2.4D, E). These layers are fractured with 
variable dip degrees and direction sets (Figs. 2.4F, I, 5I, J, K, 2.6C). Lateral and vertical 
changes of these dolomite types are predominantly associated with faulting and fracturing 
system. 
Folds around the study area consist mainly of sub-parallel high amplitude, wide broad 
parallel box shapes with steeply dipping limbs and are transitional between fault-bend folds 
and fault propagation folds, primarily associated with thrusts and NW-SE orientated trend 
(Figs. 2.1B and 2.2). These folds include the Bradost and Beckme anticlines in the west, and 
the Harir, Korek and Handren anticlines in the east (Fig. 2.2). The characteristics of these 
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folds are complicated and display separation that are right lateral en-échelon. The SE 
termination of the Bradost anticline and NW termination of Korek anticline display right 
lateral separation. However, the eastern end of Bekhme anticline demonstrates a change in 
the axial orientation trend from SE to NE terminations but has a right-lateral relay to the 
Harir anticline. The western part of the study area shows a pronounced left lateral en-echelon 
separation between the Bekhme and Aqra anticlines (Figs. 2.1B and 2.2). 
The carbonate successions have been subjected to high stress with intense 
deformation, and intensive repetition of folding and faulting with considerable shortening. 
The intensive shortening in the strata and high curvature of folds formed en-échelon shape 
folding and mesh fracturing (Fig. 2.6), which were found in brittle-ductile shear zones, as 
shear strain accumulates by a combination of ductile flow and fracturing. The remarkable 
saddle dolomite pipe found in the core and hinge surface of the anticline have been observed 
as well (Fig. 2.7). The semi-vertical massive saddle dolomite pipe in the fold core has a cone 
shape and has a thickness is about 2 to 5 m. Comparing the distribution and direction of 
brecciated fragments (elongate or rectangle shapes) of black dolomite host rock (Figs. 2.5A, 
B versus 2.7) indicate an approximate 90⁰change in the movement direction between the two 
locations and shear directions. The shear directions were inferred from brecciated fragments 
and bed boundaries in addition to the cone-shaped saddle dolomite pipe.  
Nevertheless, vertical and horizontal delational fabrics (Davies and Smith, 2016) of 
black dolomite (Figs. 2.5 and 2.6, respectively) are present along shear zone movements (Fig. 
2.5A). The thickness of the saddle dolomite cement varies and is related to the location and 
direction of the shear zones. Tectonic semi-vertical to inclined dissolution seams and 
horizontal stylolites are common in both dolomite and limestone facies. 
2.4.2 Saddle dolomite and zebra textures  
The major modes of occurrence of saddle dolomites (Fig. 2.5) are bed-parallel and 
interbedding of zebra texture in gray and black dolostones (Figs. 2.5L to Q), brecciated and 
collapse-dissolution replaced by saddle dolomite cement (Figs. 2.5G and H) and minor lined 
vug and fractures, partially to totally infilling fractures and cavities (Fig. 2.5D, E, F). At 
different locations, patchy or mottled zebra textures have been observed also.  
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Zebra dolomite structures (Fig. 2.5) are observed as a several mm wide and tens of 
metres long, commonly strata bound, confined to single beds or groups of beds, alternating 
layers of gray or black replacive (fine to coarse crystals) dolomite and light-white sparry 
saddle dolomite (Fig 2.6A). The thickness of and the distance between replacive and saddle 
dolomite zebra bands varies horizontally from a few millimeters to a few centimeters and 
their lateral extent shows significant variation and may reach tens of metres. 
Three types of zebra texture have been identified; fine (dominant type), meso and 
mega zebra (least abundant). The zebra textures were classified on the basis of sizes of <1cm, 
1 to 5 cm, and >5cm for a single sheet of saddle dolomite of fine, meso and mega zebra 
textures, respectively. The zebra pattern varies depending on the host rock. For instance, fine 
zebra occurs in fine crystalline and sucrosic dolomite, whereas meso to mega zebra textures 
are present in coarse to very coarse crystalline dolomite 
2.4.2.1 Fine Zebra Texture 
This type of zebra texture is an alternation of banding of multi parallel layers, less 
than one centimeter, of white saddle and dark gray or black dolomite (Figs. 2.4I, 2.5L, and 
2.5M). Predominantly pervasive sucrosic dolostones host this texture; the horizontal and 
lateral extent varies from tens of centimeters to ten of meters. Additionally, examples of 
mottled zebra texture of varying size and morphology were recognized.  A few locations 
have a black dolomite-hosted fine zebra texture that exhibits an identical shear structure and 
fabric and size variation (Fig. 2.5M). 
2.4.2.2 Meso Zebra Texture 
The meso zebra texture is comprised of alternating bands consisting of porous saddle 
dolomite and replacive porous, gray dolomite, with no host black dolomite observed. The 
ratio of the thickness of gray host dolostones to saddle dolomite cement is not constant (Figs. 
2.5N, O and 2.6). Generally, the meso zebra was observed in three thicknesses of alternate 
banding ratio of saddle dolomite laminate to gray host rock ratio of, 1/8, 1/4, and 1/2, and 
makes up single and multi-horizontal channels. The parallel veins of saddle dolomite are >1 
to 5cm thick hosted in sucrosic gray dolomite.   
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2.4.2.3 Mega Zebra Texture 
This zebra texture is not widespread, has a steep inclination (30-55°) and its vertical 
extent is controlled by the overlying marl and marly limestones. The thickness ratio of porous 
saddle dolomite to gray dolostone (host rock) ranges from 1:2 to 1:3 (Figs. 2.5P, Q and 2.8). 
The thickness of the saddle dolomite cement ranges from 7 to 43 cm (avg. 12.5 cm) and 
gradually increases from the bottom upwards to the contact with the marl and marly 
limestones at the top. Large vugs, up to >25 cm across, were recognized within the saddle 
dolomite beneath the marl and marly limestones.  These vugs are partially coated or filled by 
late calcite cement containing ≤5 cm individual calcite crystals (Fig. 2.8C).  
2.4.3 Petrography  
Petrographic studies (polarizing, and cathodoluminescence (CL) microscopy) 
supported by field observations, have led to the identification of six types pervasive dolomite, 
three saddle dolomite textures, and four types of calcite cements. The pervasive dolomite 
textures are commonly inherited from original depositional limestone facies. However, the 
intensity of diagenetic processes shows all pervasive dolomites to be non-mimic with the 
exception of some facies, which show retentive fabric. 
2.4.3.1 Dolomite types  
2.4.3.1.1 Replacive dolomite  
There are six types of replacive dolomite (RD1 to RD6). Replacive dolomite 1 (RD1) 
is fine crystalline, planar, subhedral to non-planar anhedral (planar-s to non-planar-e crystals; 
Sibley and Gregg, 1987). The crystal size is mostly less than 20μm but in places reaches 
more than 50μm (Fig. 2.9A). RD1 is gray to dark gray to brown rich in organic matter, 
crosscut by low amplitude stylolites, and rich in fluid inclusions. It is also non-luminescent 
under CL. RD1 represents the replacement of the matrix of mud-dominated facies, which 
contain allochem-bearing areas. RD1 hosts the mottled fine zebra texture and is occasionally 
replaced by fine-crystalline saddle dolomite (Figs 2.4C and 2.5L). In hand specimen, 
dolostones that conatin relacive dolomite are dark gray to blackish gray rich in organic matter 
and show smooth trace to wavy stylolites (e.g. Meng et al., 2018; Fig. 2.4C).  
Generally, RD1 mimics mudstone to wackstone textures. Pellets, forams, and 
bivalves have been dissolved, leaving moldic pores. The muddy matrix that surrounds pellets 
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has been replaced by fine crystalline dolomite. This type of dolomite has both thin wispy, 
thinly laminated layers with relatively very low micro-crystalline porosity (Fig. 2.9A) and 
horizontal or wispy stylolites. The saddle dolomite cement fills open fractures and replaces 
and alternates with RD1, forming the fine zebra texture (Fig 2.5L).    
Replacive matrix dolomite (RD2) is characterized by inclusion-rich, planar-e-s 
(euhedral to subhedral; sensu Sibley and Gregg, 1987) crystals with sizes usually ranging 
between 100-250 μm and occasionally reaching >350 μm. These crystals have high 
intercrystalline porosity filled by bitumen (up to 35%; Fig. 9B) (Fig. 2.4G). RD2 is 
comprised of the sucrosic texture and, in some cases, associated with patchy ghosts of 
replaced fossils with high intercrystalline porosity (Figs. 2.9D, 2.10B). 
Replacive dolomite 3 (RD3) is a coarse to very coarse inclusion-rich (>150µm up to 
1600 µm), planar-s (subhedral) to non-planar- a (anhedral) dolomite. Some crystals show 
inclusion-rich cores and clear, inclusion-poor rims (Fig. 2.9E). The crystal boundary of this 
type has a sutured mosaic shape (Randazzo and Zachos, 1984). RD3 is dominated by a tight 
crystal mosaic texture with low intercrystalline porosity (Fig. 2.11E) and, displays scattered 
inter-crystalline porosity. This type is the most common texture type after RD2 and makes 
up nearly 1/6 of the pervasive and host (gray) dolostone.  
Replacive dolomite 4 (RD4) is characterized by zoned, medium to coarse crystalline 
(100->500µm) planar-e (euhedral) to planar-s (subhedral) crystals (Fig. 2.9G). Under CL, 
the zonation shows a dull red to orange-red inner core with >2 generations of zoning and a 
dull outer rim (Fig. 2.10E). This dolomite type pervasively replaces both mud- and grain-
dominated textures, has both medium to coarse crystals and large patchy ghosts of replaced 
forams and non-skeletal (e.g. peloids) matrix components and made up of polymodal size 
distribution crystals (Fig. 2.10A). The replacement of the skeletal and non-skeletal 
components reflects the mimetic texture of the wackestones to packstones. RD4 crystals 
display multiple generations of overgrowths with low to intermediate intercrystalline 
porosities, which were later occluded by bitumen. The preferential replacement of grain-
dominated facies also evidenced by the presence of cloudy dark gray grains within lighter 
gray of RD3 crystal mosaics (Fig. 2.10A). Volumetrically, RD4 accounts for less than 5% of 
the dolomites in the outcrop and core samples.   
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Replacive dolomite 5 (RD5) is characterized by medium to coarse (75 to >500µm), 
subhedral planar-s to non-planar-anhedral, zoned dolomite with inclusion-rich cores and a 
brown to reddish-brown outer rim. The outer rim contains cloudy, very fine fluid inclusions, 
some of which are rich in hydrocarbons (Fig. 2.17D), and occurs as an overgrowth on the 
inner core. The crystals have low- to non-intercrystalline pores (Fig. 2.9F). In hand specimen, 
RD5 is brown-black to dark black (Figs. 2.5G and M). Examination of RD5 under PPL shows 
that this black color results from a greater predominance of the brown outer rim over the gray 
inner core of pervasive dolomite RD2. The ratio of the inner core to outer rim overgrowth 
gives the black color and controls the darkness of RD5. 
The black-colored dolomite is rare and not strata-bound, but it is systematically 
related to fault and fracture zones associated with saddle dolomite cement and hosts only the 
fine zebra texture (Fig. 2.5M). This dolomite type occurs most commonly in floating clast-
bearing, brecciated dilational shear zone layers. These clasts which are showing horizontal 
direction arrangements (Fig. 2.5B) or vertical dilational (Figs. 2.5C and 2.7D) are associated 
with saddle dolomite pipes, although they can also occur in brecciated dissolution collapse 
zones, in which the geopetal texture of alternating gray and black host dolomite and saddle 
dolomite cement occurs (Fig. 2.5G).  
Replacive dolomite 6 (RD6) is present as individual crystals (50-150 μm) or 
aggregates of mosaic textures associated with or along low to medium amplitude stylolites 
in argillaceous limestones, or as a scattered crystals or aggregates floating in the matrix of 
mudstones (Fig. 2.9H) or wackestones. Most crystals show inclusion-poor cloudy cores and 
very low to clear outer rims. Under CL, this dolomite shows zonation with luminescent inner 
cores and red dull rims with multiple zoning events (Fig. 2.11C, D). 
The concentration, abundance and crystal size of RD6 increase towards or around the 
stylolites. This type of dolomite occurs in both pre- and post-shear fracturing sets. The pre-
shear fracturing set generally has fine to medium rhombic crystals that show non to dull red 
CL. In contrast, the post-shear fracturing set has zoned and irregularly shaped crystals. Cross-
cutting relationships between RD6 and the stylolites show two generations of RD6; the first 
formed during stylolitization and the second formed after stylolitization, respectively.  
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2.4.3.1.2 Saddle dolomite 
Three types of saddle dolomite are recognized. Saddle dolomite SD1 is a fine 
crystalline (75 and 500 μm), non-planar dolomite and occurs as small void- and fracture-
filling cement or lines the wall of dissolution vugs and cavities and/or fractures. In some 
cases, the remaining space is filled by calcite cement (Figs. 2.11C and D, 2.14F). 
  SD1 and both the gray (composed mostly of RD1 and RD2) and black dolostone host 
rocks form the fine zebra texture (Figs 2.4I, 2.5L, 2.9C, I and 2.5M, respectively). In only a 
few samplesSD1 occlud moldic pores in fossiliferous mudstone/wackstone matrix (Fig. 
2.4E). Furthermore, SD1 cement is observed in limestones in the proximity of the 
dolomitization front as fracture-filling, moldic and vuggy pore-filling (Fig. 2.4D), and/or 
associated with stylolites. In a few locations, SD1 shows no relationship to the fracture 
systems of the fine zebra texture. This type of cement has small, white dolomite crystals and 
a limited and patchy distribution in fine crystalline replacive dolomite RD1 (Figs. 2.5L, 
2.4C). SD1 shows dull-red luminescence under CL. In rare cases, SD1 crystals occur as 
floated and aggregate masses showing dull red cores and bright red to orange-red rims under 
CL as well as the thin outer zone of the fracture-filling type (Figs. 2.11C and D). 
Saddle dolomite SD2 cement is a medium crystalline (>500µm–2mm), which occurs 
both as completely occluded or lined fractures and vugs and as a replacement of the host 
dolomites. Crystals commonly exhibit oscillatory zonation and a spearhead crystal 
morphology or zoned curative crystal faces (Fig. 2.10C). In some cases, SD2 is associated 
with karst features and has been subjected to mild corrosion and dedolomitization of SD2 
crystals (Fig. 2.11H). SD2 shows undulose extinction and a clear, mostly inclusion-free 
bright outer rims, whereas the zoned inner cores have abundant fluid inclusions (Figs. 
2.11G). Under CL, crystals display a dark red to non-luminescence inner core and a red to 
orangey-red, thin outer rim. Within the SD2 cement, there are several types of vuggy porosity 
(Figs. 2.4F, G). Some of these pores are found in the meso zebra texture. Similarly, SD2 is 
observed lining vuggy- and box-shaped pores, which are controlled by one or more sets of 
fractures (Figs. 2.5I and K, 2.4F). SD2 is also observed partially replacing matrix, and 
skeletal and non-skeletal components in limestones up to more than a few metres away from 
the dolomitization front (Fig. 2.4D). In some cases, SD2 preserves the shape of the original 
void forming pseudomorphs of original allochems (Fig. 2.4D).  
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Saddle dolomite 3 (SD3) in hand specimen is milky white, and consists of coarse to 
extremely coarse crystals (>2mm up to 2 cm in length) (Fig. 2.8B and C). In thin sections, it 
shows curved crystal faces, sweeping extinction, abundant fluid inclusions and, in some 
cases, moderate intracrystalline porosity (Choquette and Pray, 1970). The abundance of fluid 
inclusions makes SD3 crystals appear dark and cloudy with non to dull red luminescence 
and small spots of bright red to orange-red of calcified portions of SD3 (Figure 2.11G and 
H). SD3 crystals have a highly irregular crystal boundaries with low intercrystalline porosity. 
These crystals are associated with mega zebra and border large vugs (diameter up to 25cm) 
postdated by late blocky calcite cement (Fig. 2.8B and C).  
2.4.3.2 Calcite Cement 
Four types of calcite cement occur in the studied formation. Calcite cement 1 (CC1) 
is characterized by fine to medium, equant crystals ranging in size between 10-100µm. It 
fills inter-particle primary pores, partially dissolved matrix and/or form rims bounding the 
skeletal debris, rarely fills intra-particle pore space and occludes first generation of hairline 
fractures (Figs. 2.11A, B, 2.12A,). This calcite under CL is pale red- or non-luminescencent 
(Fig. 2.11B) and occurs mostly in peloidal and miliolidal packstones to grainstones, or 
mudstones. Volumetrically, this cement is relatively minor, present only in non-dolomitized 
limestones and has considerably reduced, or destroyed primary porosity (Fig. 2.12A). 
Calcite cement 2 (CC2) occurs as clear, medium to coarse sparry calcite crystals 
ranging in size from 50 µm to > 2 mm. This calcite cement pre- and -postdates dolomitization 
and locally fills secondary molds of skeletal fragments such as forams, fractures in 
limestones and dolostones (Figs 12B, C and E), and fills partly dissolved matrix of mud-
supported limestone. Under CL CC2 exhibits dull or bright red luminescence (Fig. 2.11B) as 
well as non-luminescence (NL). 
Calcite cement 3 (CC3) occurs as clear, blocky, coarse, relatively equidimensional 
crystals range in size between 150 mm and 2 mm (Figs 2.11C, 2.12D and E). This type of 
cement is rich in hydrocarbon fluid inclusions and formed after saddle dolomite that lines 
vugs and fractures. Subsequently, CC3 partially or totally filled any remaining porosity in 
dolostone vugs and fractures (Figs. 2.12F). Calcite filled fractures s have been recognized 
with CC3 filled the second stage fractures (Fig. 2.11C, D). The blocky calcite cement CC3 
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filling the remaining fractures lined by saddle dolomite. This indicate that CC3 have been 
consistently formed after the second fracturing stage that postdated the saddle dolomites, 
filling large pores as well fractures. Most CC3 crystals are non-luminescent (Fig. 2.11D), 
yet, in rare cases, it shows dull red to red luminescence. This cement, together with rare 
bitumen, partially to fully occlude fractures (Fig. 2.12D).  
Calcite cement 4 (CC4) shows acicular fibrous and blocky crystal habits and is 
postdating exposure, dissolution and karst-related cement. In addition, CC4 forms 
isopachous rims that line or build on porous zebra textures or fills intercrystalline saddle 
dolomites SD1, 2, and 3. CC4 consists of single crystals (>4cm in diameter; Fig. 2.8) or 
aggregates of crystals distributed randomly along open fractures or vugs. The single crystals 
were observed only in open vugs of the mega zebra texture (Fig. 2.8). This cement occludes 
secondary porosity in the porous zebra texture, thereby causing porosity reduction. Zoning 
in CC4 is evident as delineated by CL investigation which display multiple generations 
thatcan be differentiated with distinct luminescence patterns, showing dark and pale red, 
orange to yellow-orange hue characteristics (Figs. 8E, 2.11G -H). However, in a few cases 
CC4 display non CL. 
2.4.4 Stable and radiogenic Sr isotopic analyses 
The stable carbon, oxygen and strontium isotopic compositions of the dolomitic and 
calcitic components representing host rock and diagenetic phases of the outcrop samples are 
plotted in Figures 2.13 and 2.14 and shown in Appendix 1. The dolomitic components 
represent different generations of dolomite including replacive matrix and saddle dolomites. 
The calcitic components include the micritic matrix phase, as well as cement that occludes 
vugs and fractures. 
Gray and black dolostone matrix δ13C and δ18O values (Fig. 2.13 and Appendix 1) 
range from 0.39‰ to 3.57‰ and -10.53‰ to -4.47‰, respectively, and for saddle and zebra 
dolomite cement range from -0.12 to 3.11 and -12.87 to -7.79‰. The limestone isotopic 
values range between -7.45 to 1.79 and -13.48 to -3.62 ‰. The stable isotope data from 
replacive RD1 dolomites show minor variations in δ13C (1.75 to 2.38‰) and δ18O (−7.45‰ 
to −8.82‰). However, the remaining gray dolomites RD2, RD3, RD4, and RD5 show 
comparable and overlapping values of δ18O (-10.03 to -7.54, -9.7 to -7.85, -10.43 to -4.71, 
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and -10.53 to -8.64 ‰ respectively). These values are different from the postulated values 
for Cretaceous marine limestone (Veizer et al, 1999). RD4 shows a range of δ13C (0.39 to 
3.19‰) and δ18O (−4.71‰ to −10.43‰) values. The δ13C values of replacive and saddle 
dolomites are within the range of the postulated values for Lower Cretaceous limestone. 
87Sr/86Sr ratios of replacive and saddle dolomites fall within the Upper Cretaceous 
sea water values of 0.70755 to 0.7078 (Veizer et al, 1999; Dension et al, 2003; Fig. 2.14), 
with the exception of fracture filling saddle dolomite SD1 which shows a slightly more 
radiogenic value (0.708024). 
The calcite cements show a wide range of δ13C and δ18O values with distinct 
signatures for each type (Fig. 2.13). The calcite cements CC2, display δ13C and δ18O values 
ranging from -6.37 to 1.79‰ and -9.76 to -3.62‰, respectively, and 87Sr/86Sr value 
0.707999. CC3, which postdates saddle dolomite cement, has δ13C values that range from 
0.30 to 1.76 ‰, and has negative δ18O values (-8.56 to -7.46 ‰). The latest cement CC4 has 
δ13C and δ18O values ranging from -7.45‰ to 1.29‰ and -13.48‰ to -4.39‰, respectively 
and 87Sr/86Sr ratios 0708066 to 0.708198. 
2.4.5 Fluid inclusion microthermometric results 
Due to the small size and scarcity of fluid inclusions, there is no data to be reported 
for RD1 and CC1. The main group (FIA) of double phase, liquid-vapor inclusions used for 
analysis were < 3 to 7µm in size. A minor group with larger inclusions (< 6 to 10 μm) was 
also analyzed.we focused on larger inclusions in dolomite and calcite samples. 
Primary fluid inclusions, trapped during original crystallization of calcite and 
dolomites, show a relatively wide range distribution of homogenization temperatures (Th) 
(Fig. 2.15 and Appendix 2). With the exception of the black-colored dolomite (RD5), all 
replacive dolomite phases fall within the same Th range (71.3-121.3 °C; Fig. 2.15 and 
Appendix 2). RD5, however records higher Th values (91.4 to 228.3 °C). RD5 shows two 
populations of FIAs. The inner crystal rims have Th values (91.4 to 106.7°C) comparable to 
RD2 (68.3-123.1°C) with salinities ranging between 21.47 and 23.9 wt.% NaCl eq. The outer 
rim (overgrowth part) mostly shows small double phase liquid-vapor fluid inclusions (<1µm 
in size) as well as single phase hydrocarbon (HC) inclusions. The outer rim of RD5 has the 
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highest Th (106.7 to 228.3°C) compared to all other dolomites (cement and host dolomites) 
and it has a salinity of 21.47 to 25.4 wt.% NaCl eq.  
The hydrocarbon (HC) inclusions in the outer rim of RD5 phase found as trails 
penetrating from outer rim to the inner core are of secondary origin. Both primary and 
secondary hydrocarbon inclusions were observed under UV-light with yellow and greenish 
yellow to green fluorescence, reflecting an API gravity range of 15–25 (e.g. McLimans, 
1987). The measured Th values of these hydrocarbon inclusions range between 202.2 to 
325.5°C.  
Different textures and forms of saddle dolomites SD1, SD2, SD3 yielded moderately 
similar Th (82 to 188.2°C, 82.3 to 138°C, and 84.3 to 180.5°C, respectively) and salinity 
ranges (15.2 to 27.9 wt.%, 17.7 to 24.2 wt.%, and 20.2 to 24.3 wt.% NaCl eq., respectively).  
CC2, CC3, and CC4 yielded a wide range of Th and salinity values. The intergranular 
and fracture and vug filling CC2 has Th values between 52.6 to 79.3°C (avg. 67.12°C) and 
salinity of 17.5 to 19.9 wt.% NaCl. The Th and salinity of CC3 ranges between 89.4 to 
194.3°C and 12.6 to 25.3 wt.% NaCl eq., respectively. CC3 contains also hydrocarbon 
inclusions (Figs. 2.11C, D, 2.12 D, F, and 2.17B) with Th values range between 186.2 to 
214.5°C. The FIA of CC4 show lower temperatures (58.7 to 98.7°C) and salinities (0.0 to 
14.3 wt.% NaCl eq). 
2.5 Discussion 
2.5.1 Paragenesis and conditions of diagenesis  
The Lower Cretaceous Qamchuqa Formation has undergone a complex diagenetic 
history. Integrated field observations, petrographic and crosscutting relationships, and 
geochemical investigations of both surface and subsurface samples allowed for the 
construction of a paragenetic sequence for the main diagenetic events that affected this 
formation (Fig. 2.16). The diagenetic processes include micritization, intermediate to deep 
burial hydrothermal fluid flow and dolomitization, mechanical and chemical compaction 
(pressure dissolution), tectonic fracturing, cementation (calcite and saddle dolomite), 
dissolution, and karstification. 
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The shallow marine and early diagenetic processes took place before dolomitization, 
including micritization (Fig. 2.16), early calcite cementation CC1 and CC2 (Figs. 2.11A and 
2.12A). CC1 predates significant physical and chemical compaction as evidenced by the 
presnec of this cement coating carbonate garins thus preventing compaction. . With the onset 
of the first fracturing event (Fig. 2.12E), early calcite cement CC1 (Fig. 2.11A) formed first 
to be succeeded by the second fracture-fill sparry calcite cement CC2 (Fig. 2.11A and 2.12B).  
Hydrothermal fluid flow via faults and fractures has significantly affected host rocks 
and formed a complex array of saddle dolomite with varied zebra textures. The different 
dolomite textures reflect the evolution of multi-stage hydrothermal dolomitization. Fine 
crystalline dolomite (RD1) (Fig. 2.9A) is the earliest stage of dolomitization that affected the 
mudstone facies. RD1 is the least observed texture due to later diagenetic processes and 
change in fluid composition and recrystallization. The sector zoning in sucrosic euhedral 
dolostone RD2 (Figs. 2.9B and 2.10B, C) and medium to coarse crystalline RD4 (Figs. 2.9G 
and 2.10E), probably formd due changing fluid chemistry, suggesting that they were formed 
at different stages and conditions during crystal growth. The inner core and outer rim of RD5 
have different compositions and colors.  The variation of the thickness of the brown to 
reddish-brown outer rim (Fig. 2.9F) reflects the various shades observed in black dolomite. 
The gray, euhedral, rhombic inner core is comprised of RD2 and contains larger and more 
abundant inclusions than the outer rim. RD5 formed in association with an en-echelon fold 
event (Fig. 2.7) during the late stages of dolomitization and is synchronous with hydrocarbon 
maturation. Shortly after dolomitization, the pervasive dolostones were subjected to 
compressive stress, fracturing, hydrothermal fluid flow events that precipitated a wide range 
of saddle dolomite, such as SD1, SD2 and SD3 and zebra textures engulfed by pervasive 
dolomites (Fig. 2.5). The hydrocarbon-rich out rim inclusions of RD5 and the hydrocarbon-
rich inclusions of CC3 may indicate the timing of hydrocarbon maturation and migration 
(e.g. Chi et al., 2000; Mansurbeg et al., 2016). 
The final diagenetic phase involves a wide range of alterations (such as calcitization) 
by meteoric fluids incursion, as evidenced by partially corroded and calcitized saddle 
dolomite crystals. The CL also displays a contrast color of orange to pale red of calcitized 
portions and dark red of saddle dolomite (Fig. 2.11 G and H). Late blocky calcite spar cement 
(CC4) precipitated in fractures and open vugs postdating fracturing and exposure (Figs. 2.8C, 
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D, 2.11E to H, 2.17C). CC4 crystals show multi zoning characteristics under CL, which 
indicate fluctuations in elemental chemistry (Figs. 2.8E, 2.11F and H) from low salinity to 
meteoric or fresh water. This is also supported by stable δ13C and δ18O isotopes; values 
ranging from -7.45‰ to 1.29‰ and -13.48‰ to -4.39‰, respectively (Ronchi et al., 2004; 
Martín-Martín et al., 2015, Fig. 2.13 and Appendix 1) and fluid inclusion data which show 
lower temperatures (58.7 to 98.7°C) and salinities (0.0 to 14.3 wt.% NaCl eq) (Fig. 2.15A 
and Appendix 2).  
2.5.2 The formation of Zebra dolomite textures 
These textures are often linked to the hydrothermal processes that precipitated saddle 
dolomite cement in fractures at temperatures between 60 to 150ºC (Warren, 2000) or higher 
(Al-Aasm et al., 2002). Zebra textures are commonly hosted by porous pervasive dolostones 
and are associated with major pay zones in many hydrocarbon reservoirs (Davies and Smith, 
2006; Morrow, 2014; Wallace and Hood, 2018). The formation of these textures is 
controversial but most genetic models relate these textures to structurally-controlled 
hydrothermal fluid flow (Nielsen et al., 1998; Badoux et al., 2001; Davies and Smith, 2006; 
Gasparrini et al. 2006; López-Horgue et al., 2009; Kelka et al., 2015), or caused by the 
mineral replacement of the original host carbonate, or by generation of open space and 
dissolution of stratabound pervasive dolostone layers (Wallace and Hood, 2018).  
The presence of saddle dolomite in different outcrops of Cretaceous sequences such 
as in the Qamchuqa Formation has been attributed to hydrothermal alteration (Csontos et al., 
2012; English et al., 2015; Mansurbeg et al., 2016) or proximity to volcanic activity and 
ophiolite emplacement during late Cretaceous obduction processes (Al-Qayiem et al., 2012). 
Recently, Mansurbeg et al. (2016) reported the occurrence of hydrothermal dolomitization 
and structurally-controlled hydrothermal saddle dolomite textures in Bekhma Formation 15 
km west of the study area. This new evidence confirms that regional hydrothermal 
dolomitization in this area affected all Cretaceous successions.  
At all scales, from large-scale field observations to petrographic observations, all 
studied samples for both dolostones limestone facies indicate that they were affected by 
saddle dolomite replacement and/or cementation. Hence, these processes affected porous 
dolostone more than the tight non-to low porous facies. The host rock type, pore type, 
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fracture system, fault type and location affected the varieties of saddle dolomites that make 
up the many different kinds of structures, textures and fabrics. Predominant textures have a 
range of zebra fabrics that vary in size, thickness, and lateral distribution. The distribution 
and occurrence of these textures are a direct clue to the spatial relationship to the fracture 
system. However, their sizes and fabrics appear to be controlled by the crystal size of 
pervasive host dolomite rocks; for example, RD1 and RD2 generally host fine zebra texture, 
whereas RD3 and RD4 host meso to mega zebra textures. 
Zebras textures (Figs. 2.4I, 2.5 and 2.6) occur in different settings but are 
predominantly related to the same genetic processes, whereby these textures are mostly 
controlled by fracture system (Figs. 2.6, 2.18). The presence of these textures suggests that 
they are related to multiple hydrothermal fluid fluxes (at least three) originated from the same 
source. This is supported by fluid inclusion and stable isotope evidence (see below). 
The zebra texture sheets and replacive saddle dolomite are mainly concentrated in 
the pervasive dolostone host and their thickness increases toward faulted zones. In many 
cases, the adjacent host are separated from saddle dolomite cements by lines predominantly 
representing traces of fracture systems and show relicts of healed fractures intersecting both 
the host and dolomite cement (Fig. 2.4F). Some of the saddle dolomite textures (e.g., patchy 
replacive or filling small intercrystalline to vuggy pores; Fig. 2.5) do not provide a direct 
clue to their spatial relationship with the fracture system, but their distribution indicates an 
underlying crystallographic control. 
At a few locations, patchy and thin bands of small white dolomite crystals of micro 
zebra occur in gray host dolostone of fine crystalline RD1 (Fig. 2.5L) from a precursor 
argillaceous muddy to wacky limestone. The relationship between hosts, cement crystals, 
and the fracture systems of these zebra textures do not show any evidence of strike slip or 
micro-fault displacement (Fig. 2.4G). This observation suggests that the mechanism for 
development of local zebra texture is caused by both processes; generation of pore space by 
dissolution and saddle dolomite replacement of gray dolostone (host rock); the same 
phenomenon of non fracture-controlled zebra texture formation was described by Wallace 
and Hood (2018). 
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Most of these zebra textures, especially the meso and mega zebra textures, grew 
under thin layers of non-permeable marl to marly limestones (Figs. 2.5 N and P, 2.8A). In 
addition to massive limestones, locally in several sites thin to thick layers of non-porous non-
permeable marl to marly limestone beds may have acted as effective seal  (non- porous and 
non- permeable; Figs. 2.5P and 2.8A) that prevented upward fluid flow, and caused 
hydrothermal fluids to flow more easily through porous and permeable pervasive dolomites, 
which can be pressure-injected through or between the underlying layers, which are 
comprised of porous, permeable and brittle pervasive dolostone. In addition, the observation 
of abundant large irregular vuggy pores within the saddle dolomites that were generated in 
inclined mega zebra sheets suggest that the shear fracture walls were opened more widely 
under the thin layers of marly limestone (Figs. 2.8B, C and 2.5Q).   
2.5.3 Dolomitization models  
Dolomitization in shallow-water carbonates may occur at different stages during 
basin development, ranging from near surface (early) to deep (late) burial diagenetic 
environments (Gabellone et al, 2014). Several lines of evidence indicate that the studied 
formation has suffered multiphase hydrothermal fluid flow related to the Alpine Orogeny in 
the Zagros Thrust Zone. The distribution of saddle dolomite, its geometry and texture in the 
host rocks are related to fracture systems (Figs, 2.5H, I, J, K, 2.4F, I, 2.6, 2.18, 2.19) (e.g. 
Davies and Smith, 2006), that can be attributed to two main stages or phases of hydrothermal 
fluid flow related to tectonic deformation and fracturing (Fig. 2.21). These fluid flow events 
resulted in the formation of a wide range of saddle and zebra dolomite fabrics (Fig. 2.5), 
which is reflected by the nature of host rock and type of fracture system. The data also 
indicate a wide range of diagenetic changes by hydrothermal fluids and meteoric fluids (Fig. 
2.13) linked to two main regional tectonic events at the end of Cretaceous and in Miocene to 
Pliocene times (Fig. 2.3) (Koshnaw et al., 2017). Similar dolomitization phenomena, with 
moderately less intensity, locally affected the overlying Bekhme Formation (Upper 
Cretaceous) limestones in other sector of the Provence (Bekhme Gorge north east side of the 
study area, Figs. 2.2, 2.3; Csontos et al., 2012; Mansurbeg et al., 2016). 
Both focused and non-focused models of hydrothermal fluid flow are suggested here 
to explain the formation of saddle and zebra dolomite. An early, regional non-focused 
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stratabound hydrothermal dolomitization (Fig. 2.21A) occurred after the first folding and 
compressive stress event, which is related to subduction zone and foreland basin 
development. This stage was followed by focused, hydrothermal fluid flow (Fig. 2.21B) 
along faults and fracture zones and locally, highly brecciated zones. Both focused and non-
focused hydrothermal fluid flow are associated with the geological and tectonic development 
of the Tethys and the movement of the Arabian plate.  
The topographic recharge and hydrothermal convection models do not adequately 
explain the uniform early regional trend of dolomitization in an active tectonic collision-
related regional foreland basin and the creation of thick, intercrystalline porous and 
permeable inter-bedded strata that have significantly enhanced the quality of the reservoir 
rocks in the Qamchuqa Formation. This is because the fluid flow model suggested for the 
study (Fig. 2.21A) requires reasonable high temperatures and salinity which is supported by 
the homogenization temperature of dolomite fluid inclusions (Fig. 2.15; e.g. Li et al,. 2015). 
The tectonically-driven “squeegee” (Oliver 1986) flow and related dolomitization is a more 
acceptable model for the subsurface fluid flow and hydrothermal dolomitization in the study 
area because circulation of seawater under tectonically overpressure area during the orogenic 
thrust belts development involved expulsion of heated formation fluids under loading of the 
underlying formations and flow toward the foreland basin, which can contribute to the 
formation of stratabound hydrothermal dolomites (Oliver, 1986). In addition, the mechanism 
of squeegee fluid flow may play a great and important role in hydrocarbon migration and 
accumulation (Machel et al, 1996; Drivet and Mountjoy, 1997). 
2.5.3.1 1st phase: Non-focused hydrothermal dolomitization 
The timing of hydrothermal dolomitization is closely linked to the timing of tectonic 
movement, with the deposition of the Cretaceous formations occurring shortly after the first 
collision event during the Maastrichtian (late Cretaceous).  
A geothermal gradient determined by English and Davies (2013) in the High Folded 
Zones (Fig. 2.20) indicated a maximum total thickness for the Mesozoic sequence after 
Cretaceous rifting of around 3000 m. The maximum temperature reached by Lower 
Cretaceous rocks, according to this burial depth, would have been less than 100 °C using a 
geothermal gradient of 25 ºC/km. However, the Th values obtained in the studied host and 
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cement dolomites (mode at 205 °C: Fig. 2.15) indicate that the stratabound dolomitization 
and focused saddle and zebra dolomites formed at higher temperatures than the burial of host 
carbonates. Therefore, these dolomites must have been generated by hydrothermal process, 
which require an alternative heat source or depth for the dolomitizing fluids. Fluid inclusion 
data (Fig. 2.15 and 2.17, Appendix 2) indicates hot, slightly to high saline brines were 
responsible for the dolomitization shortly followed by precipitation of saddle dolomite and 
zebra textures.  
The microcrystalline replacive dolomite RD1 was formed during shallow burial stage 
and affected by early hydrothermal fluid flow. This dolomite has been recrystallized to a 
coarser crystal size (RD2).  Evidence of recrystallization includs the overlapping ranges of 
its oxygen and Sr isotopic values with other dolomite generations (Figs. 2.13, 2.14) (cf. Al-
Aasm and Lu, 1994; Durocher and Al-Aasm, 1997; Zhu et al, 2010; Al-Aasm et al., 2009), 
as well as an increase in crystal size and change in crystal shapes (e.g. Sibley and Gregg, 
1987; Montanez and Read; 1992; Kupecz and Land, 1994); negative shifts in oxygen isotopic 
composition (Al-Aasm and Packard 2000; Al-Aasm and Clarke, 2004); and zoning and 
changes in fluid inclusion properties (Durocher and Al-Aasm, 1997).  
Moreover, the host (pervacive) dolostones and dolomite cements are mostly 
precipitated at a similar Th range (Appendix 2, Fig. 2.15) and have a comparable overlapping 
stable isotopic values and radiogenic87Sr/87Sr ratios, pointing to a same source of fluid and 
under similar geochemical conditions. The overlap of oxygen, carbon, strontium isotopic 
compositions of host and cement dolomites (Fig. 2.13 and 2.14), indicate formation from 
fluids with similar isotopic chemistry and fluid temperatures or water rock exchange. 
However, there is some difference in δ18O values (-10.53‰ to -4.47‰) between different 
pervasive dolomites, which may be related to a temperature variations and/or change of fluid 
source (Al-Aasm and Clarke, 2004; Wierzbicki et al., 2006).  
The lack of co-variant trend between C and O isotopic and Th values of the studied 
dolomites whereby δ13C values are mostly similar (Fig. 2.13) but δ18O values are relatively 
low. This trend reflects sea water signature for C but hot fluids with different temperatures 
for O isotopes (71.3 to 228.3°C, Appendix 2, Fig. 13; Diehl et al., 2010). These values could 
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have resulted from an interaction of circulating hydrothermal fluids with connate water 
within regional early Lower Cretaceous and Upper Jurassic marine limestones. 
Sr isotopes can be used to infer fluid source/composition (Al-Aasm, 2003). 86Sr/87Sr 
ratios of matrix-replacive dolomites (Appendix 2 and Fig. 2.14) show slight departure from 
the postulated range for Lower Cretaceous marine values but comparable range to Upper 
Cretaceous values. This can be used to infer an early origin for these dolomites. However, 
their δ18O negative shifts (Appendix 1 and Fig. 2.14) is indicative of later alteration by 
hydrothermal fluids (Al-Aasm, 2003; Al-Aasm and Clarke, 2004; Lavoie et al., 2005).    
During late Cretaceous times, and continuing to the present day, the northeastern 
Arabian plate and Zagros mountain fold-and thrust belt remansactive resulting from collision 
of the Arabian with the blocks of Central Iran (e.g. Stocklin 1968; Leturmy and Robin, 2010; 
Agard et al., 2011). Such a tectonic setting may have affected dolomitization. The original 
dolomitizing solutions may have been connate water (pore water). However fluxes of saline 
basinal fluids via faults and laterally through bed boundary into permeable underlying marly 
to marly limestone rocks of Sarmord Formation, that were enriched in Mg, led to large-scale 
hydrothermal fracture-related dolomitization. The source of these fluids and their 
composition may indicate that there was an interaction between connate waters and 
underlying sedimentary formations. The proposed model (Fig. 2.21) shows that these brines, 
which were under compressive stress produced a large-scale reflux of hydrothermal fluids at 
a shallow to moderate burial depth (Fig. 2.21A). Lateral and vertical unfocused 
dolomitization as a result of flow of hydrothermal fluids through fault and fracture systems 
and porous and permeable sediments have taken place during the first compressive 
deformation event of the Zagros Orogeny. This led to upward hydrothermal fluid flux from 
initial fractures and faults and the deepest rocks through more porous intervals of grain-
supported rather than matrix-supported limestones and dolomitized facies. This process plays 
a significant role in the generation of porosity in more completely hydrothermally 
dolomitized intervals (Dewit et al., 2012). 
2.5.3.2  2nd Phase: focused hydrothermal fluid flow and precipitation of saddle and 
zebra dolomite  
The second phase of hydrothermal fluid flow, which affected faulted and fractured 
areas caused by transtensional strains, resulted in dolomitization and cementation by saddle 
  
48 
 
dolomite concerntarted in fault and fractures (Fig. 2.18; Twiss and Moores, 1992) with the 
creation of breccias (Fig. 2.5H) (e.g. Davies & Smith, 2006). The faults and fracture networks 
developed in highly porous and permeable pervasive dolostone layers in shallow to moderate 
burial depth during the late Cretaceous compressional tectonic event (Csontos et al., 2012). 
This is also supported by the burial history curve (Fig. 2.20) which show that the actual 
thickness of the succession at that time not exceeding 1000 m. Upward migration of hot 
fluids occurred through active transtensional faults and laterally via porous permeable 
interval of pervasive dolomitized layers (Fig. 2.21B), where zebra textures expands away 
from the faults and concentrates along shear stress zones in dolostone substrates. 
Field observations, petrographic study, and fluid inclusions analyses indicate that the 
brecciated fragments (elongate or rectangle shapes) of black dolomite-host rock (Figs. 2.5A, 
B and 2.7) floated in the cone-shaped saddle dolomite pipe of the en-échelon folding core 
are a late dolomitization event related to shortening, en-echelon folding, and thrust faulting 
(Fig. 2.7). Nevertheless, vertical and horizontal distribution of black dolostones (Figs. 2.7 
and 2.5, respectively) reflect the vertical and horizontal flow of hydrothermal fluids that 
occurred along shear zone movements. Such movements affected the distribution and 
thickness of the saddle dolomite veins and associated host rock (Fig. 2.5A).  
The presence of black dolomite crystals with overgrowth hydrocarbon-rich outer rim, 
which are associated with saddle dolomite pipe suggest that the black dolomite is a late stage 
replacive dolomite. The presence of black dolomite reflects the amount of hydrocarbon fluid 
inclusions in the outer rims of the dolomites (Fig. 2.17D). All observed black dolomite (RD5) 
is associated with saddle dolomite cements, which suggest that the black dolomitewas 
formed shortly before or simultaneously with saddle dolomite cementation in the pipe and 
were constantly associated with saddle dolomite and generated a range of delational textures 
reflecting compression and shear stress.  
The carbon and oxygen isotopes, Th and salinity data of the host and saddle dolomite 
cements suggest that they were formed from a moderate to high temperature (71.3 to 228 °C) 
, and high-salinity fluid (14.4 to 30.4 wt.% NaCl eq.).  However, the low and wide range of 
δ18O values for host dolostones (-10.7 to -4.7‰) and dolomite cement (-12.8 to -7.7‰) 
reflect the temperature fractionation effect on the formation of these dolomites. The 
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relatively high Sr isotope ratios of the saddle dolomites (0.707759 to 0.707739) and high Th 
and salinity indicate hydrothermal origin. All these evidence support the interpretation that 
saddle dolomite with zebra textures originated from the same fluid source. Therefore, the 
wide-ranging Th and negative δ18O values indicate multiphase flux of hydrothermal fluids 
that span from late Cretaceous to early Cenozoic time (cf. Mansurbeg et al., 2016). The 
zagros region was tectonically active from late Cretaceous to early Neogene (Al-Qayeim et 
al, 2012 and Khoshnaw et al, 2017) causing dolomitization and cementation under 
continuous stress conditions manifested by multiphase faulting and fracturing (Fig. 2.1A and 
B; Csontos et al, 2012). 
Rocks that have multiple generations of deformation and have more than one phase 
of fracture-controlled hydrothermal fluid flow, mostly display more than one set of shearing 
stress fractures (López -Horgue, et al. 2009). This is translated into the formation of different 
textures of saddle dolomite in fractures, breccia and vugs. These textures predominantly are 
related to multiple shear stress and fracturing and have been observed at the micro-to macro-
scales (Figs. 2.5, 2.6, 2.18, and 2.19). Crosscutting relashinship of multiple fracturing events 
(Fig. 2.19) displays three different phases of fracture-controlled hydrothermal fluid flow; 
first the earlier dissolution collapse breccia cemented by massive saddle dolomite. The 
second stage occurred by shear stress generated sub-parallel sheets of zebra inclined to the 
axial surface. Finally, horizontal dilational of thick massive saddle dolomite ~25-40 cm in 
the lower part. These stresses creating fractures form in various setting but probably relate 
to the same genetic processes, whereas fluids display multiple-phase hydrothermal flow by 
fracturing.  
2.6 Conclusions 
Integrated outcrop and core examinations, petrographic, geochemical (C, O, and Sr 
isotopes) and fluid inclusion analyses of Qamchuqa Formation led to the following 
conclusions: 
1. Fine- to mega-scale saddle dolomite textures and zebra textures and fabrics vary 
in thickness from a few centimeters to tens of meters thick, are mottled and 
increase in abundance toward the faulted and fractured zones. These textures 
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formed during late-early phases of foreland basin development along the 
continental margin associated with the Zagros Orogeny. 
2. The formation has undergone a range of hydrothermal and meteoric alterations. 
Intense, early to late diagenesis is associated with complex multi-folding, 
faulting, and fracturing. These processes caused extensive dissolution, calcite 
cementation, and multiphase hydrothermal dolomitization and saddle dolomite 
cementation followed by sub-aerial exposure that caused extensive dissolution, 
karstification and late calcite cementation.  
3. The O and C isotopes, fluid inclusion temperatures and salinity of calcites 
suggests precipitation under varying geological conditions, including their 
modification from both hydrothermal fluids and meteoric waters during surface 
exposure. Blocky calcite cement has comparable Th and salinity values to saddle 
dolomite which suggests that it precipitated from saline hydrothermal fluid. Late 
calcite cement CC4 has wide range of C and O isotopes suggesting precipitation 
from meteoric fluids at lower temperatures and salinities.  
4. There are at least two main hydrothermal fluid flows affecting the area. Non-
focused stratabound dolomitization is attributed to hydrothermal fluid flow 
shortly after deposition. Collision between Arabian and Iranian plate in late 
Cretaceous led to upward and lateral hydrothermal fluid flow through permeable 
limestone beds that appear to be preferentially replaced by dolomite. In contrast, 
the less permeable (or impermeable) mud-rich limestones were slightly 
dolomitized. Following this event, focused hydrothermal fluid flow occurred 
vertically via faulted and fractured intervals and laterally through porous, 
permeable and fractured intervals of the pervasive dolomitized intervals. 
5. The comparable C, O and moderate and similar range of homogenization 
temperature and salinity values of host dolostones and saddle dolomite cements 
indicate that they originated from the same source of saline hydrothermal fluid. 
Their 87Sr/86Sr ratios fall close to late Cretaceous seawater values, and are 
moderately more radiogenic than early Cretaceous seawater composition, 
suggesting that the hydrothermal fluids originated from basinal brines with a 
seawater signature. 
  
51 
 
6. Diagenetic overprinting modified the primary porosity very strongly through 
cementation, dissolution and generation of multiphase of saddle dolomite 
cements with a range of zebra textures during early to late diagenetic stages. All 
saddle dolomite and zebra textures are confined with fractures or joints that have 
three sets of shear fractures formed at shallow burial stage under structurally 
controlled tectonic setting. The presence of porous zebra sheets and vuggy saddle 
dolomite textures cross-cut by late semi-vertical extensional joints enhanced 
reservoir characterization significantly more than the pervasive host dolomites 
did. 
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Figure 2.1 Location map of the study area.  
A) Geodynamic framework of the Zagros Folded Belt along the Turkey-Iraq-Iran border. 
The location map shows the main structural features and subdivision of the Zagros fold and 
thrust belt zones. Red arrows indicate the present-day northward convergence between the 
Arabian plate and stable Eurasia at the front of the Zagros Mountains (after De Mets et al., 
1994, Vernant eat al., 2004). The red rectangle shows the study area of the Zagros Fold- 
Thrust Belt –Kurdistan Region – North Iraq. B) Schematic geologic map showing main 
tectonic subdivisions and anticline axes trends and names of the Zagros Fold- Thrust Belt –
Kurdistan Region – North Iraq (modified after Sissakian, 1997; Csontos et al, 2012).  
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Figure 2.2 Geological and Google Earth pair maps showing fold trends and facies 
distribution.  
A) Anticline axes trends and names surrounding the study area. High Fold zone–Kurdistan 
Region –North Iraq, marked on the Google earth map.  
B) Geological map showing the distribution of the studied Qamchuqa and other formations 
in the study area, Kurdistan Region, Iraq (modified after Sissakian, 1997; Csontoset al, 
2012).   
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Figure 2.3 Chrono-stratigraphic chart of the Triassic to Paleocene sedimentary successions 
in Kurdistan region of Iraq (modified after Petroleum Geo-Services (PGS), 2007 and 
Mansurbeg et al, 2016). Hydrocarbon occurrence from English et al. (2015); Tectonic events 
from Koshnaw et al. (2017).     
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Figure 2.4 Polished hand specimens and core samples of major textural characteristics of 
Qamchuqa Formation. A, B and D Limestone facies while C, E, F, G, H and I are dolostone 
facies.  
A) Core sample of typical mesh-network fractured mudstone-wackstone limestone facies.  
Hairline fractures and micro to macro matrix vuggy pores filled with bitumen, which indicate 
fracture productivity of tight low to non-porous limestone. 
B) Limestone sample with two phases of tectonic fracturing. Sub-vertical tectonic fractures 
up to 3mm wide filled with CC2 and/or SD1, cross cut by postdated open net microfractures. 
Open fractures and dissolved matrix are emplaced by bitumine. 
C) Fine zebra in RD1 showing porous zebra emplaced by bitumen (yellow arrows). Stylolite 
(white arrow) occluded by dark gray organic matter. White color SD replaced allochems and 
debris. 
D) Dolomitized coarse-grained bioclastic-rich wackstone/packstone facies. Most of the 
allochems replaced by saddle dolomite SD1. 
E) Gray dolostone with abundanc bioclast-moldic (yellow arrows) and matrix vuggy pores 
(white arrow) lined or filled by saddle dolomite SD1 and SD2. The original texture of 
allochems has largely been preserved, which mimic original texture of bioclasts, such as 
molluscs fragments (up to 5 cm in length). The texturally preserved bioclasts are replaced or 
have molds partially to totally occluded by saddle dolomite cement SD1 and SD2. 
F) Parallel rimmed vertical microfracture (yellow arrows) bounded boxwork vugs lined by 
coarsely crystalline saddle dolomite. Vugs because of dissolution of host rock in between 
microfractures filled by geopotal host rock residues at the bottom of the vugs.   
G) Sub-horizontal channels (white arrows) with multiple shape and size of vuggy pores in 
sucrosic dolostone. This fabric suggests a combination of fracturing and dissolution with 
selective dissolution of matrix and along fractures. 
H) Coarse crystalline gray dolostone core sample displays medium amplitude horizontal 
stylolites (white arrows) with a range of vuggy pores ranging in size from millimeters to 
>2cm. Saddle dolomite cements mostly lined these vuggs (red arrows) or partially replaced 
host rock (yellow arrows). 
I) Fine porous zebra growing sideward rimming semi-vertical micro fractures marked by 
yellow arrows. 
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Figure 2.5 Flow chart showing the zebra textures classification and main saddle dolomite 
textures, based on core description and field relationships.  
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Figure 2.6  A) Multi layers of horizontal sheets of zebra texture (15-55 cm extend up to tens 
of meters) (yellow arrows). B) Enlargement of area of red box B in A showing shear duplex 
and inclined fine to meso-zebra. B’:  Syn-hydrothermal fluid flow fracture sketch of B.   
C) Enlargement of area of red box C in A showing two set of normal fault fractures (late 
extensional fractures) cross cutting zebra texture and making set of horst and grabens. C¯- 
Proposed structural sketch to explain the fractures pattern, showing the direction of A&B an 
earlier shear duplex (compressive stress) along thin layers crating inclined zebra texture, 
followed by late extensional strain C.  
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Figure 2.7 Field photographs showing sets of en-echelon folds with semi-vertical chimneys 
(saddle dolomite pipe). Note also floating clast dolomite breccia of vertical hydrothermal 
dolomite (HTD) flow.  
A) Chevron folds with narrow limbs and sharp hinges, which composed of two strips that 
meet at a sharp angle with upward apex. B) Semi vertical massive saddle dolomite pipe in 
the core of en-echelon fold (cone shape 2 to 5m or more). The inner core and crest of the 
fold with high fracturing act a good path of hydrothermal fluid flow and precipitated saddle 
dolomite pipe. C) Highly fractured layers of right limb. D) Dilational, floating rectangle and 
elongated shapes of dark gray to black dolomite clasts of brecciated host rock cemented by 
massive saddle dolomite. The arrangement and semi-vertical dilational pattern of host rock 
clast showing vertical hydrothermal fluid flow (blue arrow). E) A model for vertical HTD 
fluid flow and saddle dolomite pipe showing extension in outer of crest of en-échelon (blue 
arrows), shortening in inner fold (red arrows), then vertical hydrothermal fluid flow through 
fractures and participation of saddle dolomite pipe. 
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Figure 2.8 Field photographs with photomicrographs and CL pair of vuggy mega zebra lined 
by late calcite cement CC4.  A) Field photograph showing thin to thick gray dolostone 
separated by thin layer of marl to marly limestone. B) Enlargement of area of red box in A 
showing porous mega zebra.  C) Enlargement red box area of B showing saddle dolomite 
SD3 consists of a single or an aggregate of crystals distributed randomly along open fracture 
or vuggy pores. The picture also illustrates the postdated late calcite cement CC4 aggregating 
a range of crystals; a single crystal of more than 2.5cm in diameter, especially in open vuggy 
pore in mega zebra.  D and E) panorama of photomicrographs and CL pair showing non to 
dull red color of coarse crystalline saddle dolomite SD3 (white arrows). Thin overgrowth 
outer zone of light red luminescence (yellow arrow) of SD3, followed by multiple 
generations of calcite cement (CC4), fine equant dull red to light yellowish red zone (Z1), 
fine to medium concentric dull orange and non-luminescence zone (Z2), and late coarse 
concentric of yellowish orange to dark brown concentric luminescence zonation of CC4 
crystal (Z3). Note the non-luminescent spots in SD3 reflect the secondary porosity 
(dissolution) formation by late corrosive fluids of phreatic zone postdate exposure. 
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Figure 2.9 Photomicrographs of textural characteristics of the main pervasive dolomite 
matrix RD1-RD6 under (PPL) showing;  
A) RD1, planar-s to non-planar-a microdolomite (> 50 μm) with low micro intercrystalline 
porosity (yellow arrows) filled by bitumen, representing early replacement in mudstones. B) 
Polymodal size distribution of RD2, planar-e, medium to coarse crystalline dolomite, with 
high, moldic and inter crystalline porosity. C) Micro zebra texture, showing alternate banding 
of gray dolostone RD2 and porous saddle dolomite SD1 partially filled by bitumen. D) RD2; 
Planar-e, medium to coarse crystalline dolomite, polymodal in size, with high inter 
crystalline porosity filled by bitumen. E) Sutured mosaic coarse to very coarse crystalline, 
planer-s (subhedral) to non-planer- a (anhedral) dolomites RD3. Cloudy rich fluid inclusion 
inner core of the crystals. F) Zoned black dolomite RD5, Subhedral planer to non-planer-
anhedral (75->250μm), with an inner gray cloudy core rich inclusions and an brown to 
reddish-brown outer rim, with very fine to dusty inclusion. G) Multiple zoned, planar- 
euhedral dolomite RD4 with cloudy rich inclusions and clear and low inclusion zones, 
replacing allochem and grains. H) Floated medium to coarse euhedral crystals by selective 
dolomitization of micritic matrix. 
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Figure 2.10 A) Sequence of microphotographs of part of core sample show the paragenetic 
evolution with development of porosity. The petrographic gradient of pervasive dolomite 
RD2 (B) and multi zoned RD4 (E) to (dull to non-luminances) saddle dolomite cement SD2 
(C and D), and subsequent late blocky calcite cement CC4 (yellow-orange, bright red 
luminescent). 
Note, the pore space occluded by non-luminescent (black) bitumen filling the intercrystalline 
pores (yellow arrows) and open vuggy pores (white arrow). The scale bar in B applied on the 
rest of the microphotographs.  
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Figure 2.11 Photomicrographs of paired plane polarized light on the left and 
cathodoluminescence (CL) on the right of different calcite cements. Scale bars in plane light 
image apply to CL images. A) and B): cross cutting relationship of two sets of microfractures 
in bioclastic peloidal grainstone, with characteristic non-luminescence of CC1filling inter-
granular pores ( yellow arrow), dull to bright red- orange red color of CC2 (white arrow) 
filling fracture 1, and zoned orange to bright red CC3 (red arrow) partially filling 2nd 
generation of inclined fracture. C) and D): semi vertical fracture cut the argillaceous thick 
limestone bed lined by saddle dolomite SD1 followed by calcite cement CC3 in 
intercrystalline pores. Note (NL) black area (white arrow) center microfracture MF2 is CC3, 
and SD1 (yellow arrows) shows zoned dull to bright red luminescence color and (NL) of 
RD1. E) and F): blocky calcite cement CC4 filling vuggy pores in gray dolostone RD3. CC4 
is showing a sequence of zonation of non-dull to bright red luminescence color. Whereas 
some crystals of RD3 show zone of inner core bright red and dull to non-luminescence. G) 
and H): CC4 and dedolomitization of SD3 Dolomite fabric (white arrow) and calcite-filled 
micro-cavities under cathodoluminescence. Zoned saddle dolomite exhibits non-to bright red 
luminescence, and red luminescing of partially dedolomited saddle dolomite crystals. 
Microporosity appears as dark spots (yellow arrows). Calcite cement filling intercrystalline 
pore and /or micro-cavities have; 1- dull dark red to non-luminescing [NL] and 2- succession 
of yellow, orange, to [NL] zoned [Z] is well represented in CC4. 
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Figure 2.12  A) Calcite cement CC1 filling primary intra and interparticle porosity in 
miliolidal peloidal wackstone to packstone. Note also neomorphism in peloid and fossils 
grains. B) CC2 filling moldic pore and debris of skeletal components. This figure also shows 
micritization of miliolid and neomorphism of matrix of mudstone to wackstone facies, with 
abundant scattered dolomite rhombs in the micritic matrix of limy mudstone facies. C) 
Unstained thin-section of limestone showing micritization of foram and CC2 filling a pore 
space (crossed polar PPL). D) Replacive dolomite RD3 of coarse crystalline- planer with a 
tightly interlocking mosaic cut by semivertical fracture partially occluded by sparry calcite 
CC3 (P). E) Cross cutting of two sets of microfractures in micritic mudstone to wackstone. 
F) Stained thin-section of host-rock limestone containing floating rhombohedral RD6 
crystals (yellow arrow) with scattered dolomite rhombs. The figure also showing 3rd 
generation of microfracture lined with SD1 on both sides of the fracture followed by CC3 
filling totally the remaining intercrystalline porosity. 
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Figure 2.13 Carbon and oxygen isotopic compositions of Qamchuqa carbonates (host 
limestones and diagenetic dolomite and calcite phases) in the Gali Ali Bag gorge (Data from 
Appendix 1). 
Black arrow corresponds to hydrothermal and burial trend of pervasive and saddle dolomites. 
Whereas blue arrow corresponds to calcite cement trend and late meteoric and exposure 
alteration. Lower Cretaceous marine carbonates signature according to Veizer et al., (1999).   
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Figure 2.14 87Sr/86Sr versus oxygen isotope compositions of calcite and dolomite phase (Data 
from Appendix 2). The plot showing the increase in radiogenic strontium compared to Lower 
Cretaceous carbonate (less altered shell). The box represent Lower Cretaceous calcite 
signature according to Veizer et al., (1999).   
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Figure 2.15 Microthermometric data of fluid inclusions in calcite cements, pervasive and 
saddle dolomites. A) Cross-plot of salinity, calculated from final melting temperatures (Tm) 
of fluid inclusions, v.s. homogenization temperatures (Th). B) Histograms of homogenization 
temperature frequency of fluid inclusions. C and D) combined all fluid inclusions data form 
A and B relationship of cross-plot and histogram. 
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Figure 2.16 Paragenetic sequence of the Qamchuqa Formation in relation to burial and 
orogenic events, Zagros foreland basin. Dolomitization by basinal/hydrothermal fluid flow 
occurred via faults and fractures. Hydrocarbon maturation commenced during black 
dolomite overgrowth and migration postdated saddle dolomite formation followed by karst 
related leaching and cementation during uplift and meteoric alteration. 
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Figure 2.17 Photomicrographs showing range of fluid inclusion types and fluorescence 
characteristics. A) A range in shape and size of liquid vapor fluid inclusions in saddle 
dolomite under plain polarized light. B) Liquid vapor, single and double phase hydrocarbon 
inclusion in calcite cement CC3 C) elongated needle-like liquid vapor in CC4. D) Outer rim 
black dolomite rich hydrocarbon and fluid inclusion under UV fluorescing yellow, green-
bluish and green. Hydrocarbon inclusions marked by arrow. 
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Figure 2.18 Saddle dolomite structures controlled by three set of fractures, associated with 
strike-slip faults, and their orientations related to the shear sense on the fault (Twiss and 
Moores, 1992).    
R', R riedel shears indicative of the sense of movement within the wrench zone and P shears, 
which are subsidiary shear fractures. 
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Figure 2.19 A) Subset of panorama showing different setting of textures (multi fluid flow). 
B) Schematic diagram interpretation of A. The figure illustrate three zones of texture and 
fluid flow, from early to late are:  1) segments of floating host rock with no major orientation 
sets cemented by massive saddle dolomite, showing dissolution collapse breccia cemented 
by massive and low permeability saddle dolomite; 2) Inclined dilational of floating parallel 
sheets of gray host dolomite cemented by porous saddle dolomite, inclined sheet vugs of 
saddle dolomite and floating clast dolomite have the same direction (like zebra).; and  3) 
Horizontal dilational of thick massive saddle dolomite ~25-40cm with some floating clasts 
of host dolomite breccia predominantly in the lower part. 
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Figure 2.20 Burial history curve of the lower Cretaceous Qamchuqa formation, Zagros 
foreland basin, reveals an uplift and exposure event during Miocene (modified after English 
and Davies, 2013). 
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Figure 2.21 Geological cross section (after Al-Qayeim et al, 2012 and Khoshnaw et al, 2017), 
and conceptual fluid flow model (see Fig. 1 for location) modified according to our field 
data. 
A) Non-focused regional hydrothermal fluid flow and dolomitization B) Focused 
hydrothermal fluid fluxes then saddle dolomite replacement and cementation. 
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Chapter 3   
Paleofluid Flow, Fracturing, and hydrothermal alteration of Lower 
Cretaceous Qamchuqa Formation, Kurdistan Region, Northern Iraq: 
Field, petrographic, isotopic, fluid inclusions and geochemical evidence 
3.1 Introduction 
Hydrothermal dolomites have been investigated by many workers and research has 
focused on origin, fluid composition and reservoir implications (Knipe et al., 1998; Al-
Aasm, 2003; Cantrell et al., 2004; Lavoie and Morin, 2004; Cantrell et al., 2004; Nader and 
Swennen, 2004; Davies and Smith, 2006; Lopez- Horgue et al., 2010; Ronchi et al., 2010; 
Conliffe et al., 2010; Barale et al., 2012; Morrow 2014). These dolomites are mostly 
stratiform or strata-bound and form broad belts along major regional faults (Wilson et al., 
1990; Nader et al., 2004). In complex tectonic settings, non-focused and focused 
hydrothermal fluid flow in carbonate rocks can cause dolomitization and cementation during 
faulting and fracturing (Mansurbeg et al., 2016; Kareem et al., 2019). Both types of 
hydrothermal fluid flow have a significant control on reservoir quality. The distribution of 
these reservoirs, the processes and conditions of paleo-fluid flow of hydrothermal pulses that 
lead to limestone dolomitization (Hurley and Budros., 1990; Lavoie and Morin, 2004; Lavoie 
et al., 2005; Luczaj et al., 2006; Smith 2006; Wierzbicki et al., 2006;), replacement processes 
and zebra texture creation (Kareem et al., 2019), carbonate dissolution (Wierzbicki et al., 
2006; Lavoie et al., 2005; Hurley and Budros., 1990), dolomite recrystallization (Al-Aasm 
and Lu, 1994; Malone et al., 1996; Durocher and Al-Aasm, 1997; Lavoie and Morin, 2004; 
Wierzbicki et al., 2006; Al-Aasm et al., 2009; Zhu et al., 2010) and enhanced reservoir 
characteristics (Lopez- Horgue et al., 2010; Ronchi et al., 2010; Conliffe et al., 2010; Shah 
et al., 2012; Mansurbeg et al, 2016; Kareem et al., 2019) have become a focus of scientific 
debate in recent years. 
This study intends to better our understanding of the physio-chemical conditions of the 
nature and origin of diagenetic paleo-hydrothermal fluids involved in dolomitization, 
dissolution, dolomite cementation and zebra texture formation occurring in a tectonically 
active setting. The study area presents a unique geologic laboratory, display wide range of 
  
90 
 
saddle dolomite and zebra textures, where the linkage between fluid flux history and related 
diagenesis to the tectonic evolution during the Zagros orogeny can be tested.  
3.2 Structural framework and geological setting 
The Gali Ali Bag Gorge is a prominent physiographical feature on the northern and 
northeastern Arabian plate and is considered a complex and unique gorge, one of the longest, 
narrowest, deepest gorge, that developed in the Zagros Mountains (Sissakian, 2013). The 
gorge is located within the High Folded Zones (HFZ) (Figs. 3.1 and 3.2) (Buday, 1980; 
Buday and Jassim, 1987; Al-Kadhimi et al., 1996; McQuarrie, 2004 and Jassim and Goff, 
2006). The gorge is structurally-driven and carved into very massive thick Cretaceous 
carbonates (Sarmord, Qamchuqa and Bekhme formations) (Figs. 3.1D, 3.2 and 3.3; Sissakian 
and Abdul Jabbar, 2010; Sissakian et al, 2015; Kareem et al., 2019).  
The tectonically active Arabian plate is a part of the Alpine-Himalayan belt and is 
converging with the Iranian plate in an NNE direction (Fig. 3.1A) (Jackson et al, 1995). The 
Alpine-Himalayan belt is a Mesozoic and Cenozoic deformation event that sutured 
Gondwana-derived fragments with Eurasian continental crust (Rosenbaum and Lister, 2002). 
As a result of the Zagros Orogeny, continent-continent collisional events between the 
Arabian and the Eurasian Plates caused the final closure of the Neo-Tethys, with the Zagros 
fold-thrust belt (ZFTB) formed during the Late Cretaceous to Cenozoic (Miocene-Pliocene) 
(Sharland et al., 2001; McQuarrie et al., 2003; Alavi, 1994, 2004; Agard et al., 2005; Guest 
et al., 2007; Al-Qayim et al., 2012; Mohammed et al, 2014). The ZFTB represents an area of 
deformation in the northeastern part of the Arabian plate (Alavi, 2004 and 2007) and has 
been intensely deformed on all scales (McQuarrie et al., 2003; Guest et al., 2007, Al-Qayiem 
et al, 2012). The intensity and elevation of the folds increase towards the Zagros Thrust zone 
(Ammen and Gharib, 2014; Csontos et al, 2012). Because of two main tectonic events, 
namely, Late Cretaceous obduction processes and Late Miocene–Pliocene collision, there is 
evidence that this collision-related uplift of the region has occurred in association with 
volcanic activity associated with the Mawat Ophiolite Complex (Omar, 2005; Al-Qayiem et 
al, 2012). 
The High Folded Zone is structurally situated between the Extremely Rugged 
Mountainous Province with narrowly-spaced anticlines (Imbricate Zone) to the north, and 
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the Low Mountainous Provinces, which consist of widely spaced anticlines (Low Folded 
Zone), in the south of the Kurdistan region (Fig. 3.1B; Jasim and Goff, 2006; Sissakian and 
Fouad, 2012), a region characterized by the presence of a vast number of sub-parallel high 
amplitude anticlines and synclines (Fig. 3.1C and D). Folds around the study area are wide-
board, box-shaped, and transitional between fault-bend folds and fault propagation folds 
(Fleury’s, 1964; Al-Kaaby et al., 2011). Most of the folds have steeply-dipping (40-70º) 
limbs (Csontos et al, 2012) and are primarily associated with thrusts (Fleury's, 1964; Omar, 
2005; Jassim and Goff, 2006).  
The Early Cretaceous (Barremian to Lower Early Cenomanian) Qamchuqa Formation 
(Fig. 3.3; Ameen and Gharib, 2014) is composed of shallow-water carbonates that were 
deposited in a wide carbonate platform in a relatively low energy lagoonal environment 
(Buday, 1980, Al-Naqib, 1960, Al-Shakri, 1977). The lithofacies assemblages and fossils in 
the Qamchuqa Formation show that the platform included several sub-environments, 
including tidal flat, reef (barrier reef), lagoon, shoal, patch reef and fore-slope to ramp 
environments (Al-Sadooni, 1978; Sahar, 1987; Al Shdidi et al., 1995; Al-Juboury et al., 
2006; Ameen, 2008). The Qamchuqa Formation consists of a thick succession of dolomites 
and limestones of highly variable thickness (Fig. 3.3; Bellen et al., 1959; Amin, 2008) and 
is comprised of eight alternating thickly-bedded massive dolostone, dolomitic limestone, and 
limestone successions (Ameen and Gharib, 2014). In the study area, the outcrops of the 
Qamchuqa Formation have been subjected to complex diagenesis, tectonic transfer from a 
shallow to deep environment, uplift and exposure. The most notable feature is the spectacular 
dolomite exposures that show a range of unique saddle dolomite and zebra textures hosted 
by gray and black pervasive dolomites (Kareem et al., 2019). 
The Qamchuqa Formation is an important rock unit in terms of exposure, thickness, and 
regional distribution in the Kurdistan region of NNE Iraq (Sissakian et al, 2015). 
Dolomitization and extensive dissolution by meteoric water and karstification has affected 
the Qamchuqa Formation (Sadooni and Alsharhan, 2003). Most recently, integrated 
geochemical data and petrographic study by Kareem et al., (2019) suggest that the 
hydrothermal dolomites occurred in two different diagenetic realms: regional non-focused 
strata-bound that formed at a shallow depth and focused, fault- and fracture- controlled that 
  
92 
 
precipitated in association with a range of saddle dolomite and zebra textures and calcite 
cement.  
3.3 Sampling and Analytical Methods 
This study involved surface and subsurface investigations. Analyses were carried out on 
hand-specimen and core samples from 16 outcrop sections and two geotechnical wells (Fig. 
3.1D and 3.2). These analyses included detailed outcrop investigation, core sample 
descriptions, petrographic and microscopic examinations, scanning electronic microscopy 
(SEM) and X-ray diffraction (XRD) analysis, and whole-rock major, trace and rare earth 
(REE) element analyses. These data have been utilized to investigate the origin, nature and 
evolution of the Qamchuqa Formation carbonates and the nature of the paleo-fluid flow.  
One hundred thirty-four carbonate powders were analyzed for O and C isotope ratios at 
the Department of Earth and Environmental Sciences, University of Windsor, Canada. The 
samples were reacted with 100% pure phosphoric acid for 4h at 25°C and 24h at 50°C for 
both calcite and dolomite, respectively, following analytical procedures outlined by Al-Aasm 
et al. (1990). The extracted CO2 gas was analyzed for isotopic ratios on a Thermo Finnigan 
Delta Plus Ion Ratio Mass Spectrometer (IRMS). The results are expressed in the standard δ 
notation as permil (‰) relative to the Vienna Pee Dee Belemnite (V-PDB) standard. These 
data were corrected for phosphoric acid fractionation for oxygen and carbon isotopes. 
Precision was better than 0.05‰ for both isotopes. 
Twenty carbonate powders were analyzed for Sr isotope ratios. 87Sr/86Sr ratios were 
measured with an automated Finnigan MAT 261TM mass spectrometer. Precision of 
individual runs was better than 0.00004. The measured 87Sr/86Sr ratios were normalized to 
87Sr/86Sr = 0.1194. Repeated measurements of NBS SRM-987 standard. Microthermometry 
was carried out on 17 wafers from dolomite and calcite phases. Micro-thermometric 
measurements of the homogenization (Th) and final ice melting temperatures (Tmice) of fluid 
inclusions were carried out using a Linkam THMSG-600 heating-freezing stage mounted on 
an Olympus BX-60 microscope (100x objective) at the Department of Earth and 
Environmental Sciences, University of Windsor following the procedure of Roedder (1984). 
The Th and Tm (ice) values were usually determined by the cycling method (Goldstein and 
Reynolds, 1994). Salinity values of the aqueous inclusions were calculated from the final 
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ice-melting temperatures and reported in mass percent (mass%) of NaCl equivalent (Bodnar, 
1993).  Homogenization temperatures (Th), halite-melting temperatures (Tm-halite) and ice-
melting temperatures (Tm-ice) were measured with a precision (reproducibility) of ±1°C, ±1°C 
and ±0.1°C, respectively. Due to the small size of the fluid inclusions and to avoid the size 
effect on analyzed samples, we focused on larger inclusions. 
Five selected powder samples were analyzed at the Department of Earth and 
Environmental Sciences, University of Windsor, Canada to determine bulk mineralogy, 
stoichiometry and crystal ordering of the different dolomite phases using a Rigaku Miniflex 
X-ray diffraction (XRD) instrument that was operated at an X-ray power of 450W. The X-
ray tube is a Cu-K alpha radiation tube with an X-ray wavelength of 1.5406 angstroms. 
Typically, the samples were measured from 5 to 80 degrees at a rate of 1 degree per minute 
with 10 sampling points per degree. The identification of carbonate minerals and 
determination of dolomite stoichiometry was done by measuring the X-ray peak d104 
position and spacing utilizing Lumsden’s equation (1979) (M = 333.3 × d-spacing – 911.99) 
and expressed as mol% CaCO3 (Wang et al., 2012).  
Scanning electron microscopic (SEM) analyses, in conjunction with the XRD analyses, 
were made on thirteen C-coated small chips and twenty polished thin sections of the host and 
saddle dolomite samples to identify and define the mineralogical compositions of zoned 
crystals. More detailed textural information, qualitative analyses of dissolution, cementation, 
and zoning were acquired from back-scattered electron (BSE) images and energy dispersive 
spectrometry (EDS) analyses obtained using an SEM at the Great Lakes Institute for 
Environmental Research, University of Windsor, Canada.  
To quantify the distribution of the multi-element concentrations of carbonates, ICP-MS 
data were obtained for seventy-eight pure samples representing microdrilled samples of 
various dolomite and calcite generations in the studied formation. Sixty-five samples were 
selected from outcrop (44 dolomites and 21calcites) and thirteen core samples (11 dolomites 
and 2 calcites).  
Major (Ca and Mg) and trace (Fe, Mn, and Sr) elements were measured on a Perkin 
Elmer ELAN DRC II Quadrupole ICP-MS at Memorial University of Newfoundland, 
Canada. For each sample, approximately 50 mg of sample powder were weighed and 
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digested in 2 mL of 0.8M (~5%v/v) HNO3, in closed vials, at room temperature for two days. 
When dissolved, the sample solutions were diluted ~3000 times with a 0.2M HNO3 solution 
prior to ICP-MS analyses. For the trace (and major) element analysis, sample powders were 
analyzed using multi-element external calibration solutions, and Sc, Rh, Re, and Th were 
used as internal standards to correct for instrument drift. The method is an updated version 
of the procedure described in Friel et al. (1990). For the trace and rare-earth (REE) element 
analysis, samples were analyzed using external calibration, internal standard, and standard 
addition methods, following the procedure described in Janner et al. (1990). Measured REE 
values were normalized to Post Archean Australian Shale (PAAS).  
3.4 Results 
3.4.1 Overview of diagenetic features 
The main diagenetic features in the Qamchuqa Formation include 
mechanical/chemical compaction, dolomitization, cementation, paleokarsting, meteoric 
water leaching, and tectonic fracturing (Figs. 3.4 and 3.5; Kareem et al., 2019). 
Dolomitization, precipitation/replacement of porous saddle dolomite and zebra textures, 
dissolution and fracturing of dolomites are the main diagenetic processes for porosity 
development in the study area (Kareem et al., 2019). The diagenetic processes can be broadly 
divided into near-surface (eodiagenesis), burial (mesodiagenesis) and exposure stages 
(teleodiagensis) (Morad et al., 2000). Near-surface diagenetic processes include 
micritization, fine to medium equant and medium to coarse sparry calcite cementation (CC1 
and CC2), and early mechanical compaction and fracturing (Kareem et al., 2019). The 
moderate burial diagenetic stage is subdivided into oil maturation syn-shortening, en-echelon 
folding (pre-saddle dolomite replacement and cementation), and hydrocarbon migration 
diagenetic stages according to the classification of Kareem et al (2019).  
Burial diagenesis in the pre-oil maturation stage was dominated by chemical 
compaction features such as sutured grains and pressure dissolution and stylolites (Figs. 3.5F, 
3.6H, 3.7E-G). Microfractures which cross-cut stylolites are enlarged by dissolution and 
filled by bitumen at a later stage (Fig. 3.6F). Cross-cutting relationships show that the 
fracturing and dissolution occurred after compaction but prior to hydrocarbon charging. Bed-
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parallel and oblique generations of stylolites were observed in host dolomites, with both 
stylolite systems also found in the limestones.  
Meteoric diagenesis and karstification during the uplift and exposure stages were 
dominated by dissolution and late calcite cementation. Diagenetic processes in the meteoric 
environments includes leaching (Figs. 3.4G and J; 3.5A), pendant and fine equant calcite 
cementation (Fig. 3.9A and B). A variety of caverns and karst features with a range of vuggy 
pores were observed, especially in the upper unit of the formation and is commonly occluded 
by blocky to fibrous calcite cements CC4 (Fig. 3.4G).  
3.4.2 Petrographic characteristics of dolomite 
The shallow-water carbonates of the Lower Cretaceous Qamchuqa Formation at Gali 
Ali Bag Gorge are organized into six units of thick massive dolostone and limestone 
successions (Ameen 2008) (Fig. 3.3). The outcrop strata predominantly consist of dolostone, 
which mainly consists of medium- to coarse-grained crystalline sucrosic dolomite. The lower 
units have very porous and permeable intervals, which are indicated by a total loss of drilling 
mud during coring of geotechnical wells. The described cores and outcrop observation show 
that multi-parallel channels of fine to meso zebra, inter-crystal vugs and dissolution pores 
are well-developed in the medium to coarse crystalline dolomite (Figs. 3.4D and I, 6C). 
Multiple generations of dolomite occur as both replacements (RD) and cement (SD). 
Thirteen generations and textures of dolomite and calcite cements in the studied area were 
distinguished, including six types of pervasive gray and black dolomites, three saddle 
dolomites, and four types of calcite cement have been identified (for more details see 
appendix 3; Kareem et al., 2019)  
Saddle dolomite crystals in fractures and vug fillings are subhedral to euhedral with 
moderately straight intercrystalline boundaries and typically have grown towards one 
another and towards the center of open cavities and fractures with crystal size increasing in 
these directions. Replacive saddle dolomites have medium to coarse crystalline mosaic 
textures and have undergone compaction. Both bed parallel and inclined stylolites have 
developed widely in dolostones made of RD1 and RD3 dolomite (Figs. 3.6E-H), or in the 
boundary between host and cement dolomite (Figs. 3.5F, 3.7E and F). Individual scattered 
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dolomites have rhombic-shapes and are predominantly associated with stylolites (Fig. 3.7G), 
with evidence of being affected by pressure solution and compaction. 
3.4.3 Distribution of Hydrothermal Zebra Dolomite (HZD) and Dolomite crystal 
features 
Excellent exposures of varieties of saddle and zebra dolomites occur in Qamchuqa 
Formation (Figs. 3.4-3.5). Zebra textures consist of rhythmic alternating millimeter- to 
centimeter-scale of dark dolomite (matrix) bands with light bands of saddle dolomite 
(cement) that are relatively common in gray dolomitic rocks. According to Kareem et al. 
(2019), the banded fabrics represent rhythmitc patterns that originated by repetition of a wide 
range of sizes ranging from fine <1cm, meso 1-5cm, and mega >5cm for each layer of white 
saddle dolomite cement and dark gray or black host dolomites (Fig. 2.5; Kareem et al., 2019).  
Macro- and micro-structures show that dolomitic rocks are dominated by zebra 
textures, mostly hosted in porous RD2, RD3, and less so in RD1 in the study area. The 
extensively hydrothermally altered section observed along the study area is comprised of 
thick fine zebra dolomite (15-30 m thick) that extends for tens of meters (Fig. 3.5A- C). 
Some of the pervasive dolomite crystals show micropores or hollow crystals, 
however, it is the common feature of RD5 throughout the examined samples. Microporous 
dolomite (hollow) crystals (e.g. Rosen and Holdren 1986; Randazzo and Cook 1987; Jones, 
2007) are observed in the black dolomites (Fig. 3.9C). SEM images show that the dolomite 
crystals developed from partially or totally preferential dissolution of the dolomite cortex 
(Choquette and Hiatt, 2008), more soluble core and characterized by different and lower mol 
% CaCO3. (Kupecz and Land 1994; Jones, 2007) (Fig. 3.8B and C). 
Under SEM (Fig. 3.9) some saddle dolomite crystals are highly altered by 
calcification and/or dissolution. This phenomenon coexists with fractures cross-cutting fine 
to meso zebras, whereas some are partially replaced or lined or totally filled by late calcite 
cement with their remnants enclosing porosity (Figs. 3.6F, H, 3.9A, F). However, 
petrographic study reveals zoning of different host and cement dolomite types, of which 
some of these exhibit multiple zoning (Kareem et al., 2019). Backscattered electron (BSE) 
images of most of these samples show no contrast (Figs. 3.8D, 3.9F). According to Jones 
and Luth (2002), dolomites can be divided into low-Ca calcian dolomites (LCD; <55 %Ca) 
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and high-Ca calcian dolomites (HCD; > 55 %Ca). XRD analysis reveal that selected 
dolomite samples contain variable amounts of Mg, and they are nonstoichiometric high-Ca 
calcian dolomites.   
3.4.4 Geochemistry  
3.4.4.1 Major and trace elements composition 
Analytical results of major and trace element concentrations for the Qamchuqa 
dolomites and calcites are listed in Appendix 4. All analyzed host and cement dolomite types 
are non-stoichiometric, consistently calcium-rich (average CaCO3 about 59.5 and 60 mol % 
respectively from XRD and EDS analysis) and have variable but relatively low Fe and Mn 
contents (Appendix 4 and Table 3.1). The Fe concentration is below the detection limit for 
most diagenetic calcite and dolomite phases. However, host dolomites have higher Fe 
concentrations and similar Mn concentrations to dolomite cements (Fe=34-855 and 39-168.1 
ppm; Mn=14-56 and 14-60 ppm, respectively, Table 3.1). The Fe concentration is commonly 
higher in calcite cement CC4 (751-2429 ppm) than CC2 (155-226 ppm); Fe content in CC3 
is below the detection limit for all samples (Appendix 3, Table 3.1). 
The Sr concentrations for the calcites and dolomites vary between 23 and 860 ppm, 
with an average of 35, 49, 173 and 246 ppm (N=32, 23, 18 and 5 samples) for the pervasive 
dolomites, saddle dolomites, calcite cements and micritic limestones, respectively. The 
lowest Sr concentrations occur in RD4 and the highest concentrations occur in limestone 
(Appendix 4). The micritic limestones and CC2 have moderately high and similar Sr contents 
of ≤860 and ≤830 ppm, respectively, and low concentrations of Fe (≤226) and Mn (≤88 ppm), 
respectively. Sr and Mn contents in CC3 is low (averaging 106 and 52 ppm, respectively), 
while CC4 contains variable but relatively high contents of Fe (≤2430ppm), Sr (≤830 ppm) 
and low Mn (≤88 ppm).  
Very low concentrations obtained for Pb, Zn and Cu in all samples and hence will 
not be discussed further (Appendix 4).  
3.4.4.2 Rare earth elements 
The shale PAAS-normalized REE patterns for the pervasive and saddle dolomite 
types are shown in Figures (3.10A, B). The ΣREE concentrations are generally low in all 
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types of pervasive and saddle dolomite (average 1.3 and 2.2 ppm, respectively), and have 
particularly low concentrations in fine crystalline dolomite RD1 (average 0.98 ppm). Both 
types of dolomites show higher ΣLREE than ΣHREE, but the ΣLREESN concentration of 
pervasive dolomites is significantly higher than those in the saddle dolomites (Appendix 5).  
Most pervasive dolomite samples exhibit apparent flat to slightly increasing LREE 
patterns and slightly positive Eu anomalies, but LREE concentrations are higher and Eu 
anomalies are more positive in the saddle dolomites than in the pervasive dolomites (Fig. 
3.10). Moderate high LREE concentrations particularly occur in the saddle dolomites, 
whereas pervasive dolomites show mostly the same concentrations of LREE and HREE. 
Unlike other pervasive dolomites, RD2 and RD5 show negative Ce, Dy and Yb anomalies. 
However, the REE patterns of all saddle dolomite types are fairly similar, exhibiting flat 
patterns, slightly higher LREE concentrations and moderately positive Eu anomalies. 
The total REE concentrations (∑REEs) of the host and cement dolomite samples are 
low and highly variable (18.9-1111.5 and 16.6-593.4 ppb, respectively). These dolomites 
have moderately lower ∑REEs than calcite CC3 (Table 3.3). Calcite CC3 postdates saddle 
dolomites rich in hydrocarbon fluid inclusions exhibits the highest REEs (2174.6 ppb) 
(Appendix 5). 
The methods described in Dulski (1994) were utilized to avoid analytical interference 
of ICP-MS analysis on calculations of normalized Europium (Eu) anomalies caused by Ba 
concentrations, namely the following equation: Eu/Eu* = (3 x EuSN) / (2 x SmSN + TbSN). 
Consequently, the method reported by Bau and Dulski (1996) and Lawrence et al. (2006) 
was used to ascertain whether a real positive Ce anomaly exists, a check necessitated by the 
occurrence of low Ce contents in seawater that may result in positive normalized CeSN 
anomalies in REE patterns. The anomalous behavior of La concentrations can affect the Ce 
anomaly (Tostevin et al, 2006). A more suitable way to calculate Ce anomalies to avoid any 
comparison with La would be to use the equations proposed by Lawrence et al. (2006). 
Praseodymium (Pr/Pr*) and Cerium (Ce/Ce*) ratios were calculated using the following 
equations (Bau & Duski, 1996): (1) LaSN[(Pr/Pr*)SN = PrSN/0.5CeSN+0.5NdSN)] and (2) 
CeSN[(Ce/Ce*)SN= CeSN/(0.5LaSN+0.5PrSN)]. The REE/ PASS normalized data show the 
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same range of distribution patterns for pervasive and saddle dolomites, respectively 
((Pr/Pr*)SN ratios: 0.95-1.12 and 0.96-1.14; (Ce/Ce*)SN ratios; 0.54-0.15 and 0.67-1.15). 
Utilizing the equations of Bau and Dulski (1996) to calculate EuSN and GdSN 
anomalies to check whether a real positive Ce anomaly exists, EuSN [(Eu/Eu*)SN = 
EuSN/(0.5SmSN+0.5GdSN)], and GdSN[(Gd/Gd*)SN = GdSN/(0.33SmSN+0.67TbSN)]CeSN . 
Eu/Eu* ratios vary from 0.80 to 1.49 (average 1.13) in replacive dolomites, from 1.05 to 3.78 
(average 1.55) in saddle dolomites, and from 0.87 to 1.76 (average 1.31) in calcite cements. 
Except for one SD2 sample (3.78), the rest of the samples predominantly have Eu/Eu* ratios 
of 1 to 2, which indicates apparently positive Eu anomalies (Fig. 3.11),Eu concentration in 
the dolomite is enriched relative to the other rare-earth elemnts (RREs) compared to the 
precursore limestone.   
All of the studied host and cement dolomite samples yield average Pr/Pr* normalized 
ratios that are larger than 1.00 in all types of dolomites, except for RD4 and SD3 samples 
that have ratios slightly below 1.00. These negative Ce anomalies are authentic, as opposed 
to result from La enrichment (Bau & Duski, 1996). The Ce/Ce* ratios vary from 0.54 to 1.15 
(average 0.88) in the dolomites, from 0.54 to 0.85 (average 0.88) in pervasive dolomites, and 
from 0.67 to 1.15 (average 0.89) in the saddle dolomites. 
3.4.4.3 Oxygen, carbon and strontium isotopic composition  
Stable oxygen and carbon isotope (δ18O, δ13C) results and strontium isotopic 
compositions of the dolomitic and calcitic components representing the host rock and 
diagenetic phases of the samples are plotted and shown in Figures 3.12A, B and C and 
summarized in Table 5. The stable isotopic values of both the gray and black dolostone 
(RD1-RD6) host rocks (Fig. 3.12A) and saddle dolomite cement (SD1-SD3) (Fig. 3.12B) are 
quite similar and overlap (-10.43 to -4.47 and -12.87 to -7.79 for 18O ‰VPDB, and 0.39 to 
3.57 and -0.12 to 3.11 for 13C ‰VPDB, respectively, Table 5). However, these samples 
depart from the postulated values for carbonates precipitated in equilibrium with Cretaceous 
seawater (Veizer et al, 1999; Fig. 3.12A). There are at least three generations of saddle 
dolomite cement associated with pore filling that followed by the latest calcite cement CC4 
(Fig. 3.9A and F). Their mean isotopic ratios average of -9.92,-11.23, and -9.28 for δ18O and 
2.67, 2.83, and 2.75 of δ13C, respectively.  
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In contrast, the isotopic signatures of calcite cements show a wider range and more 
negative δ18O values and extremely negative δ13C values and each type reflect separate 
signatures (Table 3.2, Fig. 3.12B). The δ13C values of the CC2, CC3, and CC4 range from -
6.37 to 1.79‰, 0.30 to 1.76 ‰ and -7.45‰ to 1.29‰, respectively. The δ18O values of theses 
calcite cements are from -9.76 to -3.62‰, -8.56 to -7.46 ‰, and -13.48‰ to -4.39‰, 
respectively. In limestones δ13C ranges from -6.93 to -3.15‰ and δ18O from 17.01 to 27.17‰ 
The 87Sr/86Sr ratios of matrix and saddle dolomite vary from 0.707702 to 0.708024, 
with an average of 0.707825, and have comparable Cretaceous seawater signatures (Fig. 
3.12C). In contrast, the composition of the calcite cements display a wider range of 87Sr/86Sr 
values and late calcite cement CC4 has significantly higher ratios to Cretaceous seawater. 
The early calcite cement CC2 has a 0.707999 ratio of 87Sr/86Sr.  Calcite cement CC3, which 
postdates saddle dolomite, has an average ratio of 0.707808 and the latest cement CC4 has 
87Sr/86Sr ratios that varies from 0.708066 to 0.708198. 
3.4.4.4 Fluid inclusion microthermometric results 
Microthermometric analysis was performed on fluid inclusions in host and cement 
dolomite, and calcite cement. According to the criteria of Roedder (1984), these fluid 
inclusions were classified petrographically as being primary and secondary based on their 
relation to crystal growth and zoning. Both replacive matrix and saddle dolomite cements 
have high and variable homogenization temperatures (Th) ranging from 71 to 228°C and 82 
to 188°C, and salinities ranging between 14.4 to 25.4 and 15.6 to 27.97 wt.% NaCl eq., 
respectively (Fig. 3.13). Despite of the different textures, range of crystal size and variety in 
shape and zoning, of replacive gray dolomite phases of RD2, RD3 and RD4, these dolomites 
demostrate the same Th range of 71-121°C, whereas, higher Th values of fluid inclusions 
hosted by black dolomite RD5 are recorded (91 to 228°C). FIAs of RD5 reveals two 
populations (Fig. 3.13C2) trapped in primary growth bands of inner core and outer rim. The 
inner rhombic crystal shape has the same petrographic characteristics and moderate similar 
range to RD2 Th values (91 to 106°C and 68-123°C, respectively, Fig. 3.8). In contrast, the 
overgrowth outer rim fluid inclusions contain double phase liquid-vapor fluid inclusions and 
single-phase hydrocarbon inclusions. The outer rim black dolomite RD5 show the highest Th 
values compared to the rest host and cement dolomites (106 to 228°C). The inner core and 
outer rim of RD5 show different dolomitizing fluid salinities ranging between 21.4 and 23.9 
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and 21.4 to 25.4 wt.% NaCl eq, respectively. The saddle dolomite phases of SD1, SD2 and 
SD3 yielded comparable ranges of Th values (82 to 188.2°C, 82.3 to 138°C, and 84.3 to 
180.5°C, respectively) and salinity (15.2 to 27.9 wt.%, 17.7 to 24.2 wt.%, and 20.2 to 24.3 
wt.% NaCl eq., respectively). 
Calcite cement CC2, CC3, and CC4 yielded different ranges of Th values between 52.6 
to 79.3°C, 89.4 to 194.3°C, and 58.7 to 98.7°C, respectively. The salinity values of these 
calcite cements range between 17.5 to 19.9, 12.6 to 25.3, and 0.0 to 14.3 wt.% NaCl eq., 
respectively.   
3.5 Discussion 
3.5.1 Dolomitization, tectonic relationships and source of Mg  
The Zagros Fold and Thrust belt host several Cretaceous carbonate platforms that 
have been affected by  hydrothermal fluid flow that resulted in dolomitization (Mansurbeg 
et al, 2016; Kareem et al, 2019),  formation of zebra dolomites (Kareem et al, 2019), and 
associated carbonate-hosted mineralization (Al-Kaaby et al., 2011).  
The area has complex diagenetic history and was affected by hydrothermal fluids 
followed by incursion of meteoric fluids at during uplift and exposure. Kareem et al. (2019) 
suggested two distinct stages of hydrothermal fluid flow events occurred with a range of high 
salinities and high temperatures. These events formed two types of dolomites: a non-focused 
strata-bound dolomite and a fracture-focused and a fault-controlled saddle dolomite cement 
precipitated in fractures and vugs. The two events were greatly affected by the tectonic 
evolution of the region. The associates as the long period of tectonic activity, at the end of 
Cretaceous and in Miocene to Pliocene times, is responsible for the hydrothermal alteration. 
Stresses have generated many thrust and transverse faults and several fault-related folds. In 
addition to normal faults, two main sets of strike-slip faults can be distinguished in the study 
area. The first type is generated by NW-SE extension, which has ENE-WSW left lateral 
faults; and a NE-SW compression, which has N-S right-lateral faults. Alternatively, the 
second type could be generated by E-W extension and N-S compression, which has a NW-
SE right-lateral and NE-SW left-lateral faults (Csontos et al, 2012, Khoshnaw et al, 2017). 
These faults likely were the pathway for the migration of hydrothermal fluids. The evidence 
from integrated study of field observation (Figs. 3.5), petrographic study (Fig. 3.6 C-F), and 
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geochemical data (Fig. 3.10-3.13) demonstrate the obvious and clear tectonic control and 
hydrothermal fluxes on host and cement dolomite formation (see below sections).  
Even though there is no absolute or direct dating of Qamchuqa dolomitization 
available, the estimated age of dolomitization is controlled by stratigraphy and closely linked 
to the timing of tectonic movement. This evidenced by field and petrographic study which 
show that the youngest dolomitization phase is occurring shortly after the first collision 
event, post-dating first stage fault and fracture development, during the Late Cretaceous 
(Maastrichtian). Crosscutting relationships demonstrate that prior to dolomitization, the host 
rocks were not deformed by any tectonic movement. Kareem et al. (2019) relate the origin 
of the dolomite to hydrothermal circulation in more porous, permeable and faulted settings. 
These authors assume a relatively deep ˂1000m burial at the time of dolomitization. This 
corresponds with a depth at which regional compressive stress with first-generation of 
folding, faulting and fracturing and local compactional stylolites could have developed. In 
core samples and thin sections, bedding-parallel stylolites in the Qamchuqa limestone have 
same or moderatly higher amplitude and frequency to those in the pervasive dolomite (Figs. 
3.6H and 3.7E). This implies that dolomitization of the Qamchuqa strata predates 
stylolitization because early stage dolomitization can restrain development of stylolites or 
the dolomite overprinted the stylolization (Morrow 1990). 
There are fold and thrust belt strike-slip faults cutting through the study area (Fig. 
3.5B and 3.6C). These faults acted as a vertical migration pathway for deeper underling hot 
and saline fluid, and as lateral migration pathways where early porous limestones facies were 
still permeable enough to flux of dolomitizing fluids. This may suggest that dolomitization 
took place in an early stage of diagenesis, once again pointing to the Late Cretaceous. 
The possible magnesium sources for Lower Cretaceous hydrothermal dolomitization 
and saddle dolomite cementation include mixing of Mg2+-rich, hot crustal and saline fluids 
with connate waters. These fluids migrated from deep formations along faults and circulated 
leading to the increased Mg2+ content of the saturated dolomitizing pore waters (cf. Martín-
Martín et. al., 2015; Kareem et al., 2019). Because the Qamchuqa Formation was deposited 
in a relatively lagoonal, low energy environment with relatively high salinity (Al Shdidi et 
al., 1995; Ameen, 2008; Al-Qayim et al, 2010) the formation water (connate water) of the 
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argillaceous components were rich in Mg2+. The migration of Mg-rich fluids from deeper 
parts of the basin via faults and fractures represent another source of Mg needed for 
dolomitization. This mixed-source fluid affected the porous carbonates and resulted in 
different types of dolomite depending on the porosity and permeable factors.  
By the Oligocene and Miocene Period, the regional tectonic compressive stresses 
caused thrusting, formation of normal faults and fracturing (Khoshnaw et al, 2017). These 
fracture systems provided conduits for the migration of underling hydrothermal fluids into 
the more porous dolostones, which resulted in the precipitation of a wide range of saddle 
dolomite of zebra texture (Figs. 3.4-3.6). The geometry of saddle dolomite and zebra texture 
bodies concentrated around thrust fault and fractures indicate structurally controlled 
dolomite geobodies. The distribution of saddle and zebra dolomites observed as a partially 
replaced and filled porous and vuggy dolomite (Figs. 3.4C-E), mottled zebra and saddle 
dolomite, totally to partially filling veins (Fig. 3.4, 3.6F and G), brecciated hosted dolomite 
filled by saddle dolomite. 
 The presence of voids and/or channels lined by saddle dolomite cements (Figs. 
3.4C and E, 3.6D-G) characterize vent features formed along fluid pathways generated 
through hydrothermal migration of hypersaline Mg-rich fluids migrating upward from 
deeper parts of the basin. Fractures controlled the circulation of these deep, hot fluid(s) that 
mixed with seawater is marked by increasing Th, slighltly increasing total REE 
concentrations and positive Eu anomalies. These mixed fluids are postulated to have caused 
dolomitization, saddle dolomite replacement and cementation in different geological settings 
over time.  Consequently, the original limestone structures and facies have been obliterated 
by dolomitization, cementation, and fracturing. These processes are well-developed and 
resulted in the precipitation of a variety of saddle dolomite and zebra textures, such as vugs 
filled and lined by saddle dolomite (Figs. 3.4C and E, 3.5E, 3.6 and D), horizontal and 
vertical dilation floating clasts (black dolomite) brecciated in saddle dolomite (Figs. 3.4A 
and B), and saddle dolomite filling brecciated and fractured gray dolomite (Figs. 3.6 E-F).  
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3.5.2 Alteration of Dolomite  
3.5.2.1 Pervasive dolomites 
Dolomite crystal shapes, boundaries and their characteristics are directly related to 
the environment in which they formed. Therefore, detailed petrographic studies of dolomite 
crystal characteristics can provide information about the environment in which dolomites 
formed and later alteration processes (Braithwaite et al., 2004; Wang et al., 2010). Evidence 
for dolomite recrystallization includes a change in the size and shape (e.g. Sibley and Gregg, 
1987; Kupecz and Land, 1994; Al-Aasm and Packard 2000; Al-Aasm and Clarke, 2004; 
Kareem et al., 2019) zoning (Durocher and Al-Aasm, 1997) and crystal overgrowth (Kareem 
et al., 2019). 
The host dolomites are interpreted as having an early diagenetic origin and have been 
recrystallized at elevated temperatures (Table 3.2 and Fig. 3.13). The intensity of 
hydrothermal processes resulted in a change in the composition and texture of all the 
replacive dolomites. However, some facies retain their original textures and are well-
preserved or at least mimic these textures (Sibly and Gregg, 1987), but replacive dolomites 
in general lack their original textures. Crystal change in size and shape, zoning, and 
overgrowth suggests dolomitization (or recrystallization of dolomite; Al-Aasm, 2000) under 
high temperatures resulted in the loss of the original fabric. Evidence for recrystallization of 
pervasive dolomites includes a change in the size and shape of the dolomite crystals, 
coarsening crystal size (Fig. 3.9C and E), a tendency for unimodal distribution (e.g. Sibley 
and Gregg, 1987; Montanez and Read; 1992; Kupecz and Land, 1994), more activated 
luminescence of homogenous character (Kareem et al., 2019), and zoning (Figs. 3.7A, B, 
3.9A, G; Durocher and Al-Aasm, 1997). Coarsening of replacive dolomite crystal sizes due 
to recrystallization by diagenetic fluids accompanied by negative shift in δ18O values in RD2, 
RD3 and RD4 when compared to RD1 (Table 3.2, Fig. 3.12A) (Al-Aasm and Packard 2000; 
Al-Aasm and Clarke, 2004; Kareem et al., 2019).  
The dissolution processes that have affected some dolomites caused the loss of crystal 
cores and have predominantly produced high micro-porosity and soft dolostones (Fig. 3.9A; 
e.g., Rose 1972; Chafetz and Butler 1980). As a result of preferential dissolution of the core 
of dolomite crystals, formation of hollow crystals occurred (Fig. 3.8C); a common feature of 
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many dolostones. Hollow dolomite crystals occur in numerous dolostones because of the 
dissolution of the more soluble part of these crystals (Weaver and Beck 1977; Rosen and 
Holdren 1986; Randazzo and Cook 1987; James et al. 1993; Colson and Cojan 1996; Swart 
et al. 2005; Jones 2007). The more soluble nature of the core, compared to the outer rim of 
the dolomite crystals, has been commonly linked to its unstable, less stoichiometric and more 
CaCO3-rich nature, as opposed to the more stoichiometric outer rim of the dolomite crystals 
(Fig. 3.8; e.g., Chai et al. 1995, Jones, 2007).  
Different replacive pervasive dolomites developed during diagenesis and contain 
variably zoned dolomite crystals that have cores composed of higher-Ca dolomite (HCD>55 
%Ca) (Appendix 5) and cortical zones formed of lower-Ca dolomite (LCD;<55 %Ca) or 
zones of alternating LCD–HCD as shown by Jones and Luth (2002) (Fig. 3.8C). Notable 
among the pervasive dolomite textures is the presence of outer rim-rich hydrocarbon black 
dolomite RD5, which may have resulted from replacement initiated by late hydrothermal 
fluids during oil maturation (Kareem et al., 2019). Petrographic study shows that the black 
dolomite crystals have a rhombic, gray inclusion-rich core that is separated from a zoned, 
brown to reddish-brown, fine hydrocarbon inclusion-rich rim (Fig. 3.8A).  
However, some pervasive dolomite crystals are hollow and/or contain micropores. 
Hollow dolomite crystals evolved from preferential dissolution by partially to totally of the 
unstable crystal center leaving hollows (James et al. 1993; Colson and Cojan 1996; Jones 
2007). Different crystallographic texture and partially-hollow to hollow dolomite crystals are 
common feature in black dolomite RD5 (Fig. 3.8). SEM analyses reveal that the zones 
highlighted by BSE imaging indicate that the black dolomite crystals have a gray rhombic, 
inner core that is separated from a zoned brown outer rim by an internal discontinuity are 
controlled by differences in the Ca (wt.%) content of the dolomite (Fig. 3.8). The variations 
in the Ca content of the dolomite under the SEM are manifested by a light gray Fe-rich, Ca-
poor, inner-core (HCD) and a dark gray, Ca-rich, outer rim (LCD) (Fig. 3.8; e.g. Jones, 
2007). Such BSE images also indicate that most of the dolomite crystals have moderately 
comparable Ca concentrations with no remarkable variation between the inner- and outer-
zones in the crystals. The zoned saddle dolomite SD1-3 is commonly formed of comparable 
HCD, and coarser crystals SD3 contains small calcite inclusions (Fig. 3.7D).  
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3.5.2.2 Zebra textures 
Zebra dolomites are common worldwide in sedimentary basins and are frequently 
associated with hydrothermal fluid flux in carbonate. Zebra dolomites occur in association 
with tectonic activity and form in different settings but may be related to a limited number 
of genetic processes (López-Horgue et al., 2009). The zebra textures have developed either 
parallel to bedding (lamination) or parallel to cleavage planes (Figs. 3.4 D, 3.4I, 3.5C and D, 
and 3.6C; e.g. Vandeginste et al., 2005).  
With the exception of a few locations that show evidence, non fault and fracture 
controlled, for zebra bands generated by open space development by hydraulic pressure and 
dissolution of stratabound pervasive dolostone layers, the hydrothermal zebra dolomite 
(HZD) textures across the study area occur in fault- and fracture-controlled (shear fractures). 
Predominantly, the HZD texture displays that the formation underwent multiple shear stress 
and fracturig and mostly three sets of shear fractures at all locations (Fig. 3.5E, 3.6C). The 
distribution of these textures is vertically-controlled by high-angle faults and laterally-
controlled by blocks bounded by the parallel bedding of porous pervasive dolomites. Many 
localities display such features that record multiple periods of deformation and events of 
dolomite dissolution and precipitation (Fig. 3.4A and 3.5E). The presence of heavy 
hydrocarbons within channels and intercrystalline pores of zebra textures indicates that 
saddle dolomites formed before the first hydrocarbon emplacement (Fig. 3.9F). 
The variability of textures of the saddle dolomite pipe (Fig. 3.5E) the breccia pipe 
(Fig. 3.4A), the saddle dolomite veins (Fig. 3.6G), the veins of zebra structures (Figs. 3.4D, 
3.4I, 3.5C, 3.6C) with the normal and reverse faults, which predominantly have NW-SE 
direction, reflect structural control orientation (Fig. 3.5B). The timing and direction of these 
fractures and faults coincide with the second main set of strike-slip faults, which has an E-
W extension and N-S compression directions (e.g. Csontos et al, 2012, Khoshnaw et al, 
2017). The white sparry saddle dolomite veins, sub-perpendicular to the bedding, are 
interpreted as tensional structures within a dextral shear zone (Fig. 6A). The bedding parallel 
breccia pipes (Fig. 3.4A-B), dolomite pipe (Fig. 3.5F), dolomite veins and zebra textures 
HZD (Figs. 3.5C and 3.6A) reflect preferential opening along bedding planes (week planes) 
under shear stress during tectonic deformation (e.g. Dávila et al. 2000). The observed zebra 
texture could be several centimeters (Figs. 3.3C, D and 3.I, 3.4C) to several meters thick of 
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stratabound of replaced beds. Thickness of these layers varied and might reach more than 20 
m and laterally extending for tens of meters (Fig. 3.5A). The distribution of HZD localities 
relative to pervasive dolomite, host rocks, and fracture system are common. The occurrence 
and thickness of these HZD are either bracketed by and/or confined by high-angle faults, or 
breccia zones have been observed (e.g. Diehl et al., 2005; Davies and Smith 2006). The 
locality distribution of these HZD textures may display brine migration pathways and given 
that they form from structurally controlled hydrothermal fluid flow. 
Some of the exceptions are HZD has been identified of patchy or mottled of 
selectively replace host dolomite or unaltered carbonate sequence in the local rich organic 
facies (e.g. Gebelein and Hoffman, 1973; Kareem et al., 2019) of micro crystalline dolomite 
and cementation was localized by dissolution or of open space generation by hydraulic 
pressure of hydrothermal fluid. 
  
3.5.3 Implications of geochemical data  
3.5.3.1 Dolomite stoichiometry and geochemical attributes 
Dolomite stoichiometry can be controlled by various factors. These include Mg/Ca 
ratios of dolomitizing fluids, water/rock interaction, the source of Mg, and the time of 
interaction with dolomitizing fluids (e.g. Vahrenkamp and Sward, 1994; Budd, 1997; Zhao 
and Jones, 2012). Although pervasive and saddle dolomites have been recognized formed at 
different times and by different mechanism, they both are non-stoichiometric (avg. 59.5 and 
60 % CaCO3, respectively; Table 3.1; Figs, 3.13E and H). Petrographic studies combined 
with geochemical data show that these Ca-rich dolomites form a series of textures resulting 
from saline and high-temperature fluids (Table 3.1, Figs.  3.6, 3.7, 3.8 and 3.9). This suggests 
that these dolomites occurred as a result of diagenetic pore fluid evolution, because Ca-rich 
dolomites are generally more sensitive to diagenetic alteration than stoichiometric dolomites 
(Sibley et al., 1994; Chai and Navrotsky, 1995; Zhao and Jones, 2012). The highly variable 
range of CaCO3 (44.8 to 65 wt.%) contents of the pervasive dolomites could result from 
dolomitizing fluids with variable Mg/Ca ratios which causes a slower rates of dolomitization 
and less stoichiometric crystals (e.g. Sibley et al., 1994; Chai and Navrotsky, 1995; Zhao and 
Jones, 2012; Martín-Martín et al., 2015). 
  
108 
 
 
3.5.3.2 Constrains from trace elements  
Strontium concentrations for the host and cement dolomites reveal mostly similar 
values for all localities (Appendix 4 and Table 3.1; Fig. 3.13 B, C and D; Sr =19–64 and 23-
126 ppm, with average contents of 35 and 49 ppm, respectively). These values are much 
lower than the precursor host limestones (average Sr content of 289 ppm). Sr values in 
dolomites are also much lower than the theoretical equilibrium concentrations of normal sea 
water (Sr = 470-550 ppm; Veizer, 1983; Land 1985), yet they are similar to the Sr contents 
(30-100 ppm, maximum 150 ppm) of the late diagenetic dolomites (Veizer and Demovic, 
1974; Veizer et aI., 1978). Due to the smaller Sr partitioning coefficient in dolomite (Land 
1986; Veizer 1983), hence the low concentrations of Sr is common in many hydrothermal 
dolomites relative to the precursor limestones (e.g. Vandeginste et al., 2005; Gasparrini et 
al., 2006). 
There is no relation between the Sr and Fe and Mn concentrations (Fig. 3.13A, B, C 
and D). The fine crystalline dolomite RD1 shows dull luminescence, while the recrystallized 
and zoned RD2, RD4 and RD5 show moderately bright luminescence and RD4 shows 
multiple zoning with alternating non-luminescence and light-red CL (Kareem et al., 2019). 
The zoning of saddle dolomites SD1, SD2 and SD3 have different structures; single clear 
thin outer rims and cloudy inclusion-rich inner cores (Fig. 3.6A-C) or multiple zoning 
poor/rich inclusions (Fig. 3.6B). The precipitation of multiple and different zones in both the 
matrix and cement dolomites reflect chemically different pulses of fluids in open diagenetic 
systems. The CL zoning in these dolomites indicates certain fluctuations in fluid chemistry 
and suggests mainly redox conditions and/or the changing Mn/Fe ratios of the fluids 
(Machel, 1985). The distribution of the trace elements concentrations in the dolomite 
samples illustrates that there were enrichments in Mg, Mn and Fe with a corresponding 
depletion in Sr (Appendix 4 and Table 3.1; Figs. 3.13 A-D). The difference in these trace 
elements distributions is attributed to the variability of the dolomitizing fluids and the 
consequent change and fluctuation of the element concentration of the fluids during 
recrystallization and zoning (e.g. Zho et al, 2014). 
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Recrystallization and dolomitization commonly lower the Sr concentrations because 
Sr has a low distribution coefficient (<<1), a low reaction rate as well as low Sr/Ca ratio in 
solutions (Mazzullo 1992; Banner 1995). The potential source of Sr, and perhaps Mg, for 
initial dolomitization suggest that the dolomitizing fluids may have been derived from 
connate sea water mixed with hydrothermal fluids or from interaction with the sourounding 
rocks at elevated temperatures. Furthermore, most of host and cement dolomite samples 
exhibit relatively very low Sr contents (Appendix 4, Table 3.1), indicating they were 
precipitated from the diagenetic fluids directly instead of recrystallized host rocks (e.g. Azmy 
et al., 2009; Zhang et al., 2014; Derry, 2010) (Figs. 13B-C). Narrow ranges of Sr, Mn, and 
Fe variations in dolomites might reflect confined circulation of fluids that have similar 
compositions (Fig. 13A, B, C and D).  
Manganese and iron have distribution coefficients higher than unity in dolomite 
(Veizer, 1983) and hence relatively high concentrations in dolomites. During progressive 
diagenesis, there is an enrichment in Fe, Mn, Mg, and Zn followed by a depletion in Sr 
(Brand and Veizer, 1980; Veizer, 1977). The dolomitization of limestone leads to depletions 
in Sr and an enrichment in Mg in the resultant dolomite (e.g. Land, 1980). The decrease in 
Sr concentration is related to the increasing substitution of Mg into the dolomite lattice, and 
particularly Fe for Ca into the dolomite lattice (Veizer, 1977). The progressive depletion of 
Sr in the dolomites can be due to the smaller partition coefficient for Sr in dolomite (Veizer 
1983; Land 1986).  
Fe and Mn concentrations of the pervasive dolomites are significantly greater than 
those of the saddle dolomites deposited from hydrothermal fluids (34 to 885ppm and 39 to 
168 ppm, with average 260 and 83 ppm, respectively) (Table 3.1). This may indicate that the 
redox conditions were different in Fe and Mn concentrations during the formation of saddle 
dolomites (e.g. Veizer, 1983; Aharon et al., 1987). Fe and Mn concentrations in the 
Qamchuqa dolomite are slightly greater than those in the Qamchuqa limestone (Appendix 4, 
Table 3.1), suggesting that pore waters were slightly reducing Fe and Mn concentratios and 
there were no significant external sources of these elements (see Budd 1997; Soh et al., 
2018). 
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The depletion of HREE and enrichment of LREE are clearly indicated by the positive 
Eu anomaly, (Ce/Ce)SN, (Pr/Pr)SN, and (Nd/Yb)SN ratios, which suggest that the hydrothermal 
alteration in these dolomites have occured. The low ΣREE also reveals the mixing of two-
component systems (hydrothermal fluid with pore water; see below section). The negative 
δ18O values, high Th, enrichment of LREE and positive Eu anomaly, suggest that the 
diagenetic dolomites of the Qamchuqa Formation could not have formed in a normal marine 
environment. Generally, the recrystallized and zoned pervasive dolomite has a lower Sr 
concentration. In addition, during long periods of time and additional flushing of pore fluids, 
water-rock interaction could have reduced the Sr contents of the studied dolomites (e.g. Sears 
and Lucia, 1980; Veizer, 1983), or recrystallization, zoning, overgrowth of different 
replasive dolomites and dissolution-reprecipitation processes under hydrothermal fluid flows 
for long time can cause a reduction in the Sr contents of dolomites (e.g. Sears and Lucia, 
1980).  
Calcitic cements show a wide range in Sr concentrations (50-830ppm), indicating 
that the formation of these cements occurred due to variably buried diagenetic fluids and 
different water-rock interactions at shallow to deep burial depths and variable exposure 
conditions. Although Fe values display a larger variation in the calcite cements group (Fe = 
below detection limit to 2,430 ppm; Appendix 4 and Table 3.1), there is a clear difference in 
the Mn content between CC2, CC3, and CC4 (Mn=15-59, 32-77, and 20-88 ppm, 
respectively). These samples show activated CL in the late calcites CC3 and CC4 and non- 
to low luminescence in CC1 and CC2. The samples with a range of CL colors have high Mn 
concentrations and next to no Fe in CC3 and CC4 (Appendix 4 and Table 3.1). The zoning 
in late calcite cement CC4 can be further sub-divided into Fe-rich, dark colored, dark orange 
luminescent overgrowths and brightly luminescent overgrowths, indicating abundant Mn+2. 
These thinner multiple overgrowths are frequently bright yellow-orange colors mostly 
represent mixing between meteoric and marine waters, during uplift and exposure, and a 
relative change in the chemistry of these waters (e.g. Banner et al. 1988; Cander et al. 1988; 
Choquette & Hiatt 2008). 
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3.5.3.3 Constrains from isotopes and fluid inclusions   
Pervasive dolomites overlap and have close similarities in their C and O isotopic 
compositions and homogenization temperatures and salinity values to the saddle dolomite 
cements (Fig. 12, 13 and Table 3.2). This may suggest that pervasive and saddle dolomites 
formed and/or altered by diagenetic fluids that have comparable isotopic chemistry and/or 
similar fluid temperature. The slightly more negative δ18O values of saddle dolomites 
demonstrate precipitation by warmer hydrothermal fluids than the host dolomites (e.g. Al-
Aasm et al. 2018). Furthermore, the wide range of negative values of δ18O of both replacive 
and saddle dolomites suggest a variations in fluid composition, temperature, and a water rock 
inreactions (cf. Al-Aasm 2003). 
A clear trend towards more negative δ18O values is observed from limestones towards 
dolomites, whereas no significant change in δ13C values were observed (Fig. 3.12A). The 
large distribution and more negative in δ18O values among growth zones of pervasive and 
saddle dolomite crystals suggest episodic variations in temperature and/or composition of 
dolomitizing fluids during their precipitation. In contrast, there is only a small variation of 
δ13C values among different host and cement dolomites and their growth zones (Table 3.2 
and Fig. 3.12A). This can be due to the long-term water-rock reaction between pore water 
(formation or connate water), same hydrothermal fluids and carbonates (host and cement 
dolomites) can result in the similarity of carbon isotopes with the precursor limestones (Han 
et al., 2019). Hence, this suggests that the carbon source was mostly derived from host 
carbonates with no source of organic input (e.g. Swennen et al., 2012). 
Fluid inclusion (FI) data reveals that both the matrix and cement dolomites formed 
from relatively hot (Th range 71.3 to 228.3°C and 82 to 188°C, respectively), and saline 
(14.4 to 25.4 wt.% and 15.6 to 27.9 wt.% NaCl eq., respectively) fluids. Figure 3.12 A and 
B show no clear relationship between Th and salinity for the pervasive and saddle dolomites. 
The pervasive and saddle dolomite phases formed from moderate to saline hot fluids (e.g., 
Searl 1989; Al-Aasm 2003; Davies and Smith 2006; Al-Aasm et al. 2018; Kareem et al., 
2019) (Table 3.2; Fig. 3.13). The fluid inclusion data from the studied dolomites are typical 
of other structurally-controlled hydrothermal dolomitization and dolomite replacement and 
cementation occurrences around the world and indicate that the fluids were derived from hot 
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basinal brines mixed with  seawater and connate waters (e.g. Davies and Smith, (2006) and 
references therein).  
With the exception of RD5, all other pervasive dolomites show the same range of 
homogenization temperatures and salinities (Table 3.2). Fluid inclusion homogenization 
temperatures of up to 228°C and salinities of 17.6 to 25.4 wt.% NaCl eq. were measured in 
black dolomite RD5, which formed during late stage hydrothermal dolomitization and 
associated hydrocarbon maturation (Kareem et al., 2019). The bimodal distribution of the Th 
and salinity (Fig 3.13B and 3.15A) of black dolomite represent a divergent fluid source 
associated with hydrothermal fluids charged during early stage inner core dolomitization (Th: 
91 to 106°C)  and late stage overgrowth outer rim (Th: 106 to 228°C). This scenario indicates 
that the oxygen isotope fractionation was mainly controlled by temperature in view of the 
persistently of saline dolomitizing fluids. Large variations in Th from the inner cores to outer 
rims of the black dolomite crystals suggest that outer rim overgrowth from similar inner core 
fluids but with oscillatory temperatures. 
Calcite cements yielded a wide range of Th and salinity values. The early equant 
calcite cement CC1 formed in seawater diagenetic environment. Intergranular calcite cement 
CC2 also occurs in fractures and vug fillings and has a Th range 52 to 79°C and salinities of 
17.5 to 19.9 NaCl eq.wt%,  δ18O values of –9.7 to -3.6 ‰(VDB),  and low 87Sr/86Sr ratio 
0.707999 suggest that their precipitations from formation waters. In contrast, hydrocarbon 
inclusion-bearing calcite cement CC3 which postdates saddle dolomite but predates the latest 
calcite cement CC4 and fluoresce under UV light have comparable values to saddle dolomite 
( Th: 95 to 194°C, and salinity 12.8 to 25.3 wt.% NaCl eq). This calcite cement could have 
been precipitated during oil emplacement from saline and high temperature fluids (e.g. 
Tucker and Wright, 1990; Lonnee and Machel, 2006; Swart, 2015).  
The isotopic values as well as Th and salinity measurements of the latest stage, 
fibrous, pendant, and blocky calcite cement CC4 (δ18O and δ13C:-13.48 to -3.62 ‰ and -7.45 
to -1.79 ‰, respectively; 87Sr/86Sr:0.708066–0.708198, and low to medium range of 
homogenization temperatures and salinity: Th 58.7 to 98.7°C and salinities of 0.0 to 14.2 
NaCl eq.wt%, Fig. 3.12C and 3.13) suggest that the variations in δ13C and δ18O isotopic 
composition of different calcite cements are due to their formation in different environments 
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via different processes and  that meteoric water was introduced into the system during 
exposure. 
Important information can be provided by 87Sr/86Sr ratios as they can be linked to the 
type of fluids participatory in the formation of the calcite and dolomite cements (McNutt et 
al., 1987). The 87Sr/86Sr ratios (0.7107-0.7132) of the matrix and cement saddle dolomites 
reflect ratios similar to the postulated Upper Cretaceous seawater values (Veizer et al., 1999; 
Kareem et al., 2019). This suggests that hydrothermal, dolomitizing fluids were originated 
from deeper late Jurassic sequences (Fig. 3.12). This is probably linked to Zagros tectonic 
events that occurred at the end of Cretaceous and during the Pliocene (Kareem et al., 2019). 
3.5.3.4 Constrains from rare earth elements 
The total REE concentrations (ΣREEs) of the host and cement dolomite samples are 
low and highly variable (18.9-1111.5 and 16.6-593.4 ppb, respectively). The shale PAAS-
normalized patterns of these dolomites have moderately lower ΣREEs than calcite cement 
CC3 which postdates saddle dolomite and it is rich in hydrocarbon fluid inclusions and 
exhibits the highest REEs (2174.6 ppb) (Appendix 5). Host dolomites have comparable REE 
patterns to saddle dolomites, namely, a slightly high ΣREE, moderately concentrated LREE 
and depleted HREE. Their REE distribution patterns have positive Eu anomaly, but no Ce 
anomaly (Fig. 3.10). In addition, they have similar Ce/Ce* and Eu/Eu* anomalies (Table 3.4; 
Fig. 3.11) indicating a posible hydrothermal fluid origin (e.g. Michard 1989; Bau & Duski, 
1996).  
The REE composition and characteristics of the hydrothermal fluid itself depends on 
fluid-rock interaction (Bau and Moller, 1992), mineralogical and physico-chemical 
conditions during fluid migration and precipitation (Bau and Moller, 1992; Henderson, 
1996). Because there is no significant difference in REE patterns and concentrations between 
the host (pervasive) dolomites and cement (saddle) dolomites, mineralogical control can not 
to be considered for causing REE fractionation during dolomite formation. It is suggested 
that no significant fractionation of REE occurred during precipitation of fracture and vug-
filling different type of saddle dolomites.  
Basta et al., (2011) reported that strong positive Eu anomalies signifiy hydrothermal 
fluids of high-temperature (> 250 °C), while  lower-temperature fluids (< 200 °C) show weak 
to no Eu anomalies. Therefore, it is probable that the low positive Eu anomalies of the 
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pervasive dolomites and somewhat low positive Eu anomalies of saddle dolomite signify that 
these fluids had average temperature of less than 200°C (Table 3.3, Fig. 3.13). This suggests 
that hydrothermal dolomitization might have occurred due to infiltration of a fluid formed 
by mixing of seawater and hydrothermal fluids. Mixing of seawater with high temperature 
hydrothermal fluids can generate positive Eu anomalies (e.g. Bau and Dulski, 1996; Douville 
et al., 1999; Tostevin et al., 2016). The higher concentration of LREE and more positive Eu 
anomalies in the saddle dolomites than in the pervasive dolomites, indicate a greater volume 
of hydrothermal fluids (e.g. Bau and Dulski, 1999; Douville et al., 1999) that commenced in 
association with subduction zone activity (e.g. Lugli et al, 2000) during Eocen and early 
Oligocene time (Al-Qayeim et al, 2012 and Khoshnaw et al, 2017). 
We suggest that the roof-shaped upward convex and roof-shaped REEn patterns, 
LREE enrichment and positive Eu anomaly of pervasive and saddle dolomites reflect the 
original composition altered by hydrothermal fluid (e.g. Azomani et al., 2013; Zhang et al., 
2014). Meanwhile, the reasons for slightly rich of ΣREE of pervasive dolomite and small 
change of REE pattern can be related to insufficient hydrothermal fluid and slow 
dolomitization (Liu et al., 2016), which coincides with the non- stoichiometric 
dolomitization (Table 3.1). 
Another reason for the positive Eu anomaly in dolomite can be related to the 
substitution of Eu2+ for Ca2+ in carbonate minerals. In general, the positive Eu anomalies in 
dolomite in the study area are associated with the hydrothermal fluxes (with acidic 
characteristics) during dolomitization, saddle dolomite and zebra textures forming stage 
occurred at low-ƒO2 and moderate to relativity high-temperature (e.g. Bau, 1991; Bau and 
Möller, 1992; Kučera et al., 2009). Nevertheless, during migration of hydrothermal fluids 
with the variation in the physico-chemical conditions plays a significant role in the 
development of positive Eu anomalies (Bau, 1991).  
The absence of any significant Eu anomalies, similar characteristics of REE with 
primary limestone, in the early fine crystalline pervasive dolomite RD1, and negative Ce 
anomalies in a few samples, suggests that early dolomitization might have been caused by 
sea water-dominant fluids (e.g. Wang et al 2012; Hood et al., 2018), and/or inheritance of 
the REE characteristics of the primary limestone (Hu et al., 2010). Therefore, with increasing 
degree of dolomitization, the recrystallization (zoning) of RD1 to RD2 to RD5 is linked to 
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reduced REE concentrations. High LREE abundances are related to HREE patterns, with no 
to less negative Ce anomalies for RD2 and RD5 samples (Fig. 3.10) clearly indicating that 
their formation (overgrowth and zoning) involved mixing between seawater, porewater and 
hydrothermal fluids with increasing seawater participation rather than solely the latter (e.g. 
Bau & Duski, 1996; Douville et al., 1999). Early fine crystalline pervasive dolomite RD1 
reveals higher ΣREE contents than other crystalline pervasive dolomites (Appendix 5 and 
Fig. 3.10). The increasing dolomitization and recrystallization (zoning) of RD2 to RD5 
yielded flat REE patterns and are linked to reduced REE concentrations and low LREE 
enrichment, with such a modification occurring as a result of continuous pore water (connate 
water) and water rock interaction in an open system. These samples’ REESN patterns indicate 
that they have had their seawater compositional characteristics preserved better than the other 
pervasive dolomites, as indicated by moderate flat REE patterns, low HREE concentrations, 
and minor positive La and negative Ce anomalies, whereas the other pervasive dolomite 
samples evidently do not display these characteristics and exhibit increasing HREESN 
contents (Fig. 3.10). 
Hydrothermal dolomites that formed from fluids which interacted with igneous or 
volcanic rocks show enrichment of REE and positive Eu anomaly (Luders et al., 1993). 
Numerous studies suggest that during subduction there was volcanic activity and ophiolite 
emplacement in the Oligocene in the study area (Al-Qayim et al, 2012; and references 
therein). The dominant tectonic and volcanic activity might have acted as a source of hot 
fluids and had the potential to transfer HREE from ophiolite-hosted intrusive bodies into 
pore waters and cause an increasing ΣHREE trend and positive Eu anomalies during 
hydrothermal fluid flow that resulted in zebra and saddle dolomite cementation. Such a high 
enrichment of REE with positive Eu anomaly is not observed in the host dolomites and saddle 
dolomites of this study. Therefore, the diagenetic fluids that caused replacive dolomite and 
saddle dolomite formation show no direct evidence of interaction with Ophiolite or volcanic 
activity.  
Facies characteristics of the Qamchuqa Formation suggest deposition in a shallow 
marine environment (Ameen, 2008; Kareem et al., 2019). The typical REE data for marine 
carbonate indicate a negative Ce anomaly (e.g., Hu et al., 1988; Fig. 3.10). Due to oxidizing 
conditions in seawater Ce3+ is oxidized to Ce4+ which is less mobile resulting in Ce depletion 
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of the seawater itself. Therefore, marine water commonly possesses a negative Ce anomaly 
(Elderfield and Greaves, 1982; De Baar et al., 1985) which is then inherited by carbonates 
formed in a marine environment.  
The positive Ce anomalies in the normalized seawater REE patterns may result from 
the occurrence of low Ce contents in seawater. Therefore, to make sure whether a real 
positive Ce anomaly exists, the method reported by Bau and Dulski (1996) was applied (Fig. 
3.11). Both matrix and cement dolomite samples exhibit no true positive or negative Ce 
anomalies, and plot on the line between and close to an absent La anomaly and a negative 
La anomaly. Except for a few pervasive dolomite RD2 and RD5 samples that show moderate 
negative Ce anomalies, the REE patterns of these samples are more comparable to the 
signature of seawater (Bau and Dulski, 1996; Zhang et al., 2014). These samples also have 
significant LREE enrichment and positive (Eu/Eu*)SN anomalies (Fig. 3.11). Except for one 
SD2 sample having a Eu/Eu* ratio of 3.78, the rest of the dolomites predominantly have 
ratios of varies between 1 and 2, which is manifested by positive Eu anomalies (Lugli et al, 
2000). This indicates that the REE concentration of diagenetic minerals could have resulted 
from mixing of saline water (connate water), sea water and hydrothermal fluids that had their 
compositions modified during dolomitization and cementation. As such, neither the REE 
signature of the original rock nor the hydrothermal signature are well-preserved. All the 
studied host and cement dolomite samples yield Pr/Pr* ratios that are on average greater than 
1.00 in all of the dolomite types, except for RD4 and SD3 samples, which have ratios slightly 
below 1.00.  The evidence stated above indicates that the negative Ce anomalies in these 
samples are authentic and are not the result of La enrichment (Bau & Duski, 1996). 
Furthermore, dolomite and calcite samples in all sections do not exhibit typical seawater 
patterns or hydrothermal and volcanic activity.  
In summary, the high ΣLREE and positive Eu anomaly, lower δ18O and higher δ13C 
values, higher 87Sr/86Sr ratios, combined with abnormally high homogenization temperatures 
of host and dolomite cement, and postdated saddle dolomites calcite cement CC3 could 
confirm their precipitation from hydrothermal fluids. It follows that the composition of 
pervasive dolomites show less hydrothermal fluid effect than the saddle dolomites, indicating 
increased effectiveness and fluid-rock interaction from hydrothermal dolomitizing stage 
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towards saddle dolomite precipitation stage in an open fluid-dominated system. This 
interpretation agrees with the results obtained from the petrographic study and isotope data.  
3.5.3.5 Pore fluid evolution 
Using petrographic relationships, isotopic and microthermteric data, the evolution of 
diagenetic fluids responsible for the formation of different diagenetic phases, dolomitization, 
saddle dolomite and calcite cementation, can be constrained. Figure 3.15 shows plots of 
oxygen isotope values for pervasive dolomite (Fig. 3.15A), saddle dolomite (Fig. 3.15 B), 
and calcite cement (Fig. 3.15C) on the temperature-dependent, dolomite and calcite 
fractionation curves (e.g. Land, 1983; Rosenbaum and Sheppard, 1986). There is a clear 
overlap in the isotopic composition of fluids responsible for the formation of RD2, RD3 and 
RD4. However, RD4 formed at slightly higher temperatures and more enriched δ18O SMOW. 
These dolomite pore fluid values are somewhat comparable to the postulated values for early 
Cretaceous marine waters (Table 3.2; Fig. 3.12A). This is also suggest that dolomitiztion 
occurred from marine parentage under higher temperatures. Comparable and overlapping Th 
and δ18O isotopic composition of pervasive and saddle dolomites (Figs. 3.15A and B) suggest 
that these dolomites formed in high temperatuers realm. Hydrothermal fluid flow during their 
upward migration (Kareem etr al., 2019) altered the original limestones during dolomite 
replacement and cementation, which resulted in a partial modification of their composition. 
This also suggests that there is no role of invasion of meteoric fluids at this stage of 
diagenesis. In contrast, the black dolomite RD5 which show a bimodal distribution of saline 
fluid inclusions, comparable Th values to the early dolomitization inner-core and later 
overgrowth outer rim with highest salinity (Fig. 3.8), could have formed from divergent 
hydrothermal fluids with variable salinity  
There is also an overlap in the isotopic composition of fluids responsible for the 
formation of saddle dolomites (Fig. 3.14B). All formed at elevated temperature from fluiod 
with an enriched δ18O SMOW values. Fluids of deep origin mixed with connate waters can be 
responsible for the formation of these dolomites.  
Unlike CC3, which is precipitated from high temperature fluids, as confirmed its Th 
values and its location within the paragenetic sequence (Fig.16; Kareem et al, 2019), CC2 
and CC4 formed in a lower temperature (58-98°C) and less saline (0-14.3 wt% NaCl eq) 
regime from fluids of less enriched values and most notably for CC4 with lower -2 to +4 ‰ 
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δ18OVSMOW.  These isotopic values for CC4 resulted from the subsequent exposure and 
meteorically influenced precipitation of CC4 (Fig. 3.15). In addition, negative δ13C values 
of CC4 (Fig. 3.12A), which are very different from all or some dolomite and earlier calcite 
cements, further support this conclusion.  
 
3.5.4 Burial to late exposure dissolution, corrosion, and cementation.   
Hydrothermal fluids, formation waters and meteoric waters, respectively are the three 
main types of diagenetic fluids affecting the Lower Cretaceous carbonate rocks of Gali Ali 
Bag Gorge. Most of the observed diagenetic features are genetically related to the multiple 
hydrothermal fluxes and later incursion of meteoric waters, as a result of the multistage 
structural folding, faulting and fracturing, and late uplift and subsequent paleo-exposure.  
Reservoir fluids with different H2S saturations cause significant calcium carbonate 
dissolution (Hill, 1995) or dissolution of carbonates by hydrothermal fluids because of the 
effect of sulfuric acid and carbonic acid (Machel, 1989; Zhao et al. 2013). Therefore, 
dissolution resulting from hydrothermal fluid flow likely created variable porosity ranging 
from micro-vugs to cavities and solution-enlarged fractures (Figs. 3.4G, 3.4J, 3.5A, 3.6F). 
Diagenesis modifications post hydrocarbon emplacement include formation of 
fractures, meteoric dissolution, and late calcite cementation. During uplift and subaerial 
exposure conditions, meteorically-derived fluids bearing Fe oxides and hydroxides 
precipitated equant calcite cement CC4 in pore spaces and diminished total porosity (Figs. 
3.7D, 3.8A-F). Calcites with a range of textures (fibrous, needle, pendant, and blocky shape), 
low Th and low salinity fluid inclusion assemblages (Table 3.2, Fig. 3.12C1) have been 
observed. Field and petrographic observations indicate that significant large to microscopic-
scale dissolution and enlargement of vugs up to a few centimeters and cavities up to a few 
meters in size occurred and may be genetically linked to exposure and meteoric water flow. 
In the final stage, surface meteoric water circulation preferentially occurred in association 
with these karst features and vertical flow generated solution-enlarged fractures (Fig. 3.4G, 
3.5A). 
Close to the calcite veins and highly fractured zones, the pervasive dolomites show 
intense calcification and dissolution, showing that acidic fresh water and late calcite cement 
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contributed to the partial replacement and cementation of the saddle dolomite crystals. Some 
saddle dolomite crystals have been highly altered by calcification and/or dissolution (Fig. 
3.8), a phenomena that is linked to fractures cross-cutting the fine- to meso-zebras, whereas 
some dolomite crystals are partially replaced or lined or totally filled by a late calcite cement 
with their remnants enclosing porosity (Fig. 3.8A-F). 
Replacive dolomites and saddle dolomite rim overgrowths are corroded (Figs. 3.8C and 
3.9D). Corrosion most likely occurred in two stages, with the first stage related to the 
circulation of hot acidic fluids that preceded the emplacement of bitumen and thus postdated 
the saddle dolomites and zebras. The second stage is likely linked to burial hydrothermal 
dissolution. Dissolution-related hydrothermal brines were focused along fractures, affecting 
the stylolitic porosity and the crystalline pore system of the dolostone matrix (Fig. 3.6H). 
Consequently, sets of variably aligned vugs (vertically, inclined and/or horizontally) resulted 
from the dissolution and enlargement of the fractures and stylolite pore systems. Extensive 
dissolution-related enlargement occurred in the dolostones rather than the limestone facies 
due to the former’s greater brittleness (and more fractures), higher matrix porosity and 
permeability, which facilitated the circulation of hydrothermal fluids through fractures and 
stylolite channels. In addition to hydrothermal matrix corrosion adjacent to solution-enlarged 
fractures, meteoric dissolution and cementation are both observed as late diagenetic 
processes during exposure and karstification (Figs. 3.4 G, J and 3.5A). 
3.6 Conclusions 
Integrated study field observations, core descriptions, petrographic examination, 
geochemical (C and O isotopes, 87Sr/86Sr ratios, chemical composition, major and trace 
element, including REE), fluid inclusion data and spatial distribution of saddle dolomite of 
carbonate rocks of the Lower Cretaceous Qamchuqa Formation carbonates in the high 
Folded zone of the Eastern part of Zagros Fold and Thrust Belt (ZFTB)at Gali Ali Bag Gorge 
in Kurdistan Region-northern Iraq, allow us to conclude the following: 
 
1. Hydrothermal fluid fluxes affected host carbonates and resulted in the highly 
fractured and faulted zones. The main diagenetic alteration as a result of these fluid 
fluexs are intense dolomitization and formation of a complex array of zebra textures 
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and saddle dolomite in vugs and fractures, dissolution and cementation, dolomite re-
crystallization, zoning and overgrowth of carbonate crystals. 
2. Tectonic compression and sedimentary loading of shallow water neritic Qamchuqa 
Formation carbonate undergone large-scale hydrothermal fluid movement and were 
confined to two main stages: 1) early stage strata focused hydrothermal fluid flow, 
and resulted in pervasive dolomitization during late Cretaceous at shallow burial of 
less than 1km, and 2) focused-saddle dolomite cementation and zebras textures 
formation during Oligocene-Miocene as a result of Zagros fold-thrust belt (ZFTB) 
development at moderate burial depth of less than 3km.  
3. Replacive (matrix) and saddle (cement) dolomite types are dominated by non-
stoichiometric (avg. 59.5 and 60 % CaCO3 respectively), poorly ordered, non-ferroan 
dolomites (< 0.2% FeO contents, and generated Ca/Mg ratios ranging from 1.6 to 
2.6and characterized by depleted Sr concentrations. This suggest that as a 
consequence of high water-rock interaction, multiple episodes of recrystallization, 
dissolution and/or cementation of carbonates during open system diagenesis 
occurred. 
4. The pervasive and vuggy/gashes-filling saddle dolomites have comparable stable 
isotopes (wide range of negative δ18O values and consistent δ13C values that are 
comparable with those of the Early Cretaceous marine waters) and fluid inclusion 
characteristics that reveals precipitation from hot (74.6-149 °C) and brines salinities 
ranging from 24 to 27 wt.% NaCl eq. This suggests that hydrothermal fluids from the 
underlying carbonate rocks and these fluids are of a marine origin with no indication 
of interaction with meteoric waters.  
5. The low REE distribution patterns and enrichment of LREE, positive Eu anomaly, 
high fluid inclusion Th and salinity and negative oxygen isotopes in the carbonates 
represent signatures of hydrothermal fluids. Non-stoichiometry of dolomites may 
reflect the product of deeper source of hydrothermal fluids mixed with connate water 
and seawater. 
6. Calcite cements show wide-ranging Sr concentrations (50-830ppm), variable Th and 
salinity (52-194 °C and 0-25 wt.% NaCl eq. respectively) indicating that the 
formation of these cements occurred due to variable burial diagenetic fluids and 
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different water rock interactions at shallow to deep burial and to late stage of variable 
exposure conditions of cementation event.  
7. Isotopic signature of later calcite cement CC4 shows extremely widespread negative 
δ13C values, lower temperatures, low salinity characterizing suggesting that the 
carbonate sequence was uplifted and prone to subaerial exposure suggesting 
incursion of meteoric water during later diagenetic stage.  
8. With exception of RD1 (lower REE) all other pervasive dolomites RD2-5 show 
similar homogenization temperatures, elemental composition, REE patterns, oxygen 
and strontium isotopes values indicating their parent source was possibly derived 
from the same source or modified by recrystallization under hydrothermal 
environment.  
9. Major and trace element geochemistry indicates that there is no major spatial or 
temporal geochemical variations between the pervasive and saddle dolomites that 
have undergone early and late hydrothermal and diagenetic processes but some 
geochemical variation has been observed in late stage karsts related to uplift and 
meteoric fluids.  
10. Enhanced reservoir characteristics are associated with intervals that contain large 
volume of hydrothermally affected zones at shallow burial depths with early 
pervasive dolomitization, porous zebra and saddle dolomite vugs, and late stage uplift 
and exposure dissolution. Many intercrystalline pores and fracturing associate 
hydrothermal dissolution precipitation saddle dolomite cement pores were developed 
and leading the formation of vast hydrocarbon-bearing dolostone reservoirs. 
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Figure 3.1 Location map of the study area.  
A) The Kurdistan region lies in the northeastern part of the Arabian Plate and eastern the 
Zagros Orogenic Belt.  
B) Regional tectonic map of the Zagros Suture Zone along the Iraq-Iran border, showing 
major tectonic subdivisions of Kurdistan Region-Northeast Iraq (after Al-Kadhumi 
et al., 1996; Sharland et al., 2001; Jassim and Goff, 2006; Al-Qayim et al, 2012). 
C) and D) Landsat and geological pair maps of the area around Gali Ali Bag Gorge 
showing fold trends and facies distribution (Modified from Sissakian, 1997, 2000; 
Csontoset al, 2012). 
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Figure 3.2 Locations of the studied surface and subsurface sections.  
A) Google earth image (facing south) showing the location of outcrop sections and 
geotechnical wells selected along Gali Ali Bag gorge.  
B) Panorama of selected outcrop sections, along more than 5 km in the area of study. 
C) Location of the main section unites. 
 
 
 
 
 
 
Figure 3.3 Simplified general stratigraphical column with lithological description of the 
study area (not to scale; modified after Karim, 2010; Al-Shwaily et al., 2012; Sissakian and 
Al-Jiburi., 2014; Kareem et al., 2019)  
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Tanjero Formation 
Kolosh Formation 
Sheranish Formation 
Kometan Formation 
Sarmord Formation 
Qamchuqa Formation 
Alteration of light yellow to blue marl 
and marly limestone or thinly bedded 
brown to bluish marls and marly 
limestone with shaley partings. 
Alteration of thin beds of silty marls, 
silty organic detrital limestone, dark 
green shale, claystone, sandstone and 
siltstone some conglomerates 
siltistone, marl contain pebbly 
sandstone. 
Alteration of bluish white marl and 
marly limestone, thinly well bedded 
marly and chalky limestones, thin 
bedded or papery marl. 
Consists of massive dark gray thickly 
bedded dolomite, partly dolomitized 
and limestone, with large shell 
fragments and foraminiferal. Massive 
jointed dolomit, of very coarsely 
crystalline host range of zebra textures 
and saddle dolomite cements.  
Red or brown conglomerate 
changes to gray sandstone and 
shale toward southwest 
Lithologic description 
Consists of well bedded light gray limestones 
inter-bedded with dolostones and yellow 
marl, locally bituminous and recrystallized. 
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Unit Thickness Description 
1-12 
5
4
0 
420 Pipe of S.D in brecciate crystalline dolostone, with 2 set of shear fractures.    
120 
Highly porous dolostone, Irregular in thickness (80-160cm) and texture of 
dolomite, ulternating of zebra fabric with coarse crystalline S.D cement host by 
sucrosic black and brown dolostone. 
1-11 130 Zebra fabric to vuggy and porous S.D cement. 
1-10 235 
Highly fractured massive gray to brownish dolostone, with selective microporous 
partially filled by calcite cement, Pipe of hydrothermal dolomite extend to upper 
unites (up to 4 m), sideward exchanged to of porous zebra fabric.  
1-9 
5
7
0 
C-235 Brown massive dolostone with selective small vug porosity. 
B-250 
Brecciate gray dolomite filled by coarse saddle dolomite. 
Porous zebra host in gray to brownish crystalline dolostone. 
A-85 
Porous zebra fabric, with patches of variety size of vugs in saddle dolomite 
cements   
1-8 
5
3
0 
B
-44
5 
 
Muddy dolomite to limy dolomite with some pores partially filled by coarse 
crystal late calcite cement CC4. 
 
Fossiliferous gray massive limestone with selective calcite cement and small 
veins filled by calcite cement. 
 
Massive and fractured limestone with variety size pores and vuges connected to 
caverns. 
1
4
5 
Highly withered and laterally change in color (pink reddish to pale gray) Vugy 
and porous lst with 2 set of fractures, affected by karstification and dissolution 
by meteoric eater. 
1
9
5
 Gray massive limestone, stalactite calcite cement with some large vugy pores. 
Laterally changed to more porous and permeable enlarged fractures (channels). 
A- 85 
Multiple floating saddle dolomite fabrics, by dissolution gray dolostone (host 
rock) and precipitation of S.D 
1-7 230 
Massive limestone to dolomitic limestone near cavern. Selective dissolution by 
meteoric water partially to totally fill by late calcite cements. 
Massive gray muddy limestone. 
 360 Covered with new deposit. 
1-6 55 
Thin layers Massive muddy lst. With some patches of calcite cement   
Massive yellow to brownish vugy crystalline limestone filled most totally or 
partially by calcite cement. 
1-5 180 
The layer shows vertical changing from fine crystalline dolostone with some 
selective porosity partially filled by saddle dolomite cement. Observation of 
calcite cement in the bottom of the unit. Middle part, highly porous to vuggy 
saddle dolomite cement and selective porosity. Upper part microcrystalline 
dolomite with less porosity cemented by S.D. the calcite cement. 
1-4 60 
Host rock is gray to pale brown Sucroseic to fine crystalline dolomite with 
patches of saddle dolomite cement, to 70% porous S.D cement with different 
texture laminar to irregular shapes. 
1-3 35 
Porous to vuggy microcrystalline dolomite (gray to brownish), with some cast 
and mold of skeletal and fossils of sucarisic and saddle dolomite cement. 2 set of 
microfractures 
1-2 
55 
(33-85) 
Dark gray dolostone, irregular in thickness 35-85 change laterally in short 
distance. Mostly make strata-bound layer with dip bedding 18° N32°W. 
1-1 45 
Multiple thin layers of 1) Microcrystalline to sucrozic limidolomite, set of semi 
vertical joint and fracture throw the section to upper sections 2 and 3. 2) 
Brecciated black dolomite. 3) horizontal direction of pentagonal shapes of black 
dolomite floated in massive saddle dolomite   
J 
I 
H 
G 
F 
E 
A 
B 
C 
D 
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Figure 3.4 Stratigraphic column of the main studied section of Qamchuqa Formation (see 
Fig. 2C for location), spots indicate the location of the photographs in the section. The table 
display summary of litho-stratigraphic log of each unite thickness and description (right of 
stratigraphic column).  
The left of the column showing photographs of outcrop and hand specimens samples of the 
main textures in the section. 
A) Multiple thin layers of, Microcrystalline to sucrozic limidolomite, Brecciated black 
dolomite and Massive dark gray dolostone. 
B) Dilational of horizontal direction, rectangle shapes floating brecciate of black 
dolomite fragments cemented by massive saddle dolomite. 
C) Massive light gray dolostone display rang of size and shape of irregular vuggy pores, 
the pores are lining or filling by saddle dolomite cement. 
D) Meso zebra of alternating band of gray dolomite (host rock) and white saddle 
dolomite (cement). The thickness of parallel veins of saddle dolomite ranged between 
>1 to 5cm. 
E) Biomoldic and vuggy pores lined or filled by saddle dolomite in light gray host 
dolomite. 
F) Meso zebra textures show multi horizontal porous saddle dolomite sheets alternating 
with gray dolomite cross cut by set of semi vertical open joints. 
G) Karstification in dark gray and massive limestone and crating during uplift and 
exposure.  
H) Polished had specimen -highly fractured massive limestone showing net of hairy 
fracturing, theses fractures represent the total porosity and permeability which are 
occupied  by bitumen.     
I) Fine zebra texture of multi parallel layer alternating black dolomite (host rock) and 
saddle dolomite (cement). 
J) Disillusion, fracture and vug enlargement by meteoric and hydrothermal fluids. 
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Figure 3.5 The hill visible exposure and dissolution and cavern in porous permeable thick 
layer fine zebra texture (up to 30m) displays the multiple fracturing and hydrothermal 
dolomite network. Meteoric dissolution during exposure and cavern in thick bed porous fine 
zebra, red rectangles show the location of figures B, C, and D.   
A) Field photo 35m north of the A view of the reverse fault location, red rectangle 
enlarged in figure E. 
B) A closer view of fine zebra dolomite in (A). Detail of fine zebra dolomite with typical 
alternations of gray to beige host dolomite medium-crystalline (sucrosic RD2) and 
fine to medium-crystalline saddle dolomite cement SD2 bands in general parallel to 
lamination. Note the millimeter to centimeter displacements between the bands (a 
number of which are indicated by red arrows). 
C) Extensive fracturing in fine zebra, Note that alternation lamination of zebra is not 
readily visible and is disrupted by fracturing with millimeter to few centimeters shift 
along fractures. 
D) Subset of panorama showing different setting of textures (multi fluid flow). The 
multiple fluid flow and dolomite cementation cycles in the foot wall under different  
shear fracturing showing: 1)dissolution collapse breccia cemented by massive; 2) 
Inclined dilational of floating parallel sheets of gray host dolomite cemented by porous 
saddle dolomite; 3) The third below of the figure display horizontal dilational of thick 
massive saddle dolomite pipe ~25-40cm. 
E) The location of the hand specimen sample is highlighted with the a red rectangle in 
figure F, display bed parallel medium to low amplitude horizontal stylolite display 
sharp boundary between dark gray host dolostone and saddle dolomite cement. 
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Figure 3.6 Thin section photomicrographs under transmitted light of different dolomite core 
and hand samples.  
A) Thin section taken from a bed containing zebra dolomite, arrays of alternating of gray 
dolomite RD3 and white saddle dolomite SD2, and this array shows the open sub-
centimeter sized pore spaces that occupy the centers of the white saddle dolomite 
bands. 
B) The curved crystal faces and the well-defined zonation of the saddle dolomite fine 
crystals SD1 shows inclusion poor and rich. Single clear thin outer rims (rimmed) 
and cloudy inclusion-rich inner cores. 
C) Saddle dolomite SD3 thin and clear zoning (free to low fluid inclusion), filling 
brecciaed collapse black dolomite in high fractured and altered zone. 
D) Photomicrograph of a cavity rim white dolospar SD3 lining irregular, variable size 
and shape vugs in gray dolomite RD3. 
E) Brecciated dark gray dolomite filled by coarse crystalline saddle dolomite SD3. 
F) Hairline net fractures enlarged by dissolution and partially cemented by saddle 
dolomite.  
G) Semi-vertical fracturing in fine crystalline RD1 filled by fine crystalline saddle 
dolomite SD1. 
H) Stylolization associated fractured and brecciated have an excellent effect in 
enhancing permeability with a minor porosity, which work as a path for dolomitized 
fluid flow for both pervasive and hydrothermal saddle dolomite. 
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Figure 3.7 Photomicrographs illustrating carbonate textures observed. 
A) High intercrystalline porosity between planar-e-s (euhedral to subhedral) crystal facies of RD2. 
Crystals display weakly zoning hosting fluid inclusion, cloudy rich inner core and low to clear 
outer core fluid inclusion. 
B) Transmitted light image of planar-(e) RD4 showing oscillatory multiple zoned of inclusion 
rich/poor zones. 
C) Zoning CL of medium to coarse sparry calcite CC2 filling intercrystalline and vuggy pore of 
week CL planar e-s crystal facies RD2. 
D) Saddle dolomite SD2 crystals slightly calcitized along zoning edges planes and selective parts 
of crystals (white arrow), the calcitized parts exhibits non to bright red luminescence. Dolomite 
exhibits bright red luminescence, while microporosity appears as dark spots (yellow arrows). 
CC4 filling micro-cavities display well represented succession of (patchy yellowish red-
luminescing and zoned (Z) to non-luminescing (NL). Saddle dolomite crystal zones has single 
clear thin outer rim (non-luminescence) and cloudy rich fluid inclusions inner core (bright red 
luminescence).   
E) Detail of contact between micro laminated pervasive fine to coarse-crystalline dolomite (RD1, 
RD2) and fine crystalline saddle dolomite SD1. Pervasive and saddle dolomite bands associated 
multiple horizontal high to medium amplitude stylolites. Partially dissolution of dolomite 
crystals a long stylolite.  
F) Stylolitic seam along host gray dolomite RD3 and saddle dolomite cement SD2 boundary. A 
sharp boundary (stylolite contact, marked by red arrow) between coarse-crystalline dolomite in 
the lower half of view (RD3) and finely crystalline saddle dolomite in the upper half of view 
(SD2), note the stylolite is filled by bitumen, plane-polarized light.  
G) Floating/packed rhombs of selective dolomitization of fine to coarse rhombic crystal spreaded 
or aggregate in argillaceous limestone that commonly show zonation.  
H) Sutured /concavo- convex contacts, fitted fabric matrix dolomite, and seam dissolution and 
microstylolite gray matric dolomoite solution seam around host rock crystals, Medium to coarse 
crystalline saddle dolomite SD2 bearing replacive dolomite origin affected by compaction. 
  
149 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8 Photo microscope and SEM subhedral to unhedral zoned black dolomite RD5 
reveals different inner core /outer rim homogenization temperatures, salinity, Ca and Fe 
concentration. 
A) In PPL crystals are rhombic inner core surrounded by dark irregular-shaped outer 
rim rich hydrocarbon inclusions.  
B) and C)The SEM micrograph shows hollow abundant tiny vugs (black) in the 
center the crystal. Some of the vugs are oriented along zoned planes inside the 
crystal. 
D) SE photograph showing inner core and outer rim of black dolomoite RD5 crystal. 
The image display dark gray Ca rich Fe poor outer rim and light gray Fe-rich and Ca-
poor. 
Inner core Th=91.4-117°C 
 
Outer rim Th=106.7-228.7°C 
 A  B  C 
 250µm 
Inner core 
Outer rim 
 D 
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Figure 3.9 A) SEM photographs of horizontal channel of fine zebra texture showing 
corrosion/dissolution textures of zoned saddle dolomite SD1 crystals, and precipitated of 
calcite cement CC4 pendant and (fibrous) needles. The red square showing the SEM 
enlargement photo of B and D.  B) Needle like and dog-tooth late calcite cement CC4, 
crystals have an averaging 15μm in thickness with the long dimension of 40 μm. CC4 crystal 
shape is generally elongated growing vertically on host rock towards open space of 
zebra.xInter crystalline and small vug in the contact boundary between fine crystalline RD1 
and medium crystalline RD2 dolomites.  C) Zoned saddle dolomite cement crystals with core 
that contains numerous micro-pores and inclusions, showing no contrast between two area 
zone 1 and 2.  D) Corroded saddle dolomite crystal with irregular-shaped outlines.  E) 
Bimodal crystal size distribution tendency for unimodal distribution, showing recrytalization 
and coarsening in crystal size from, fine to medium e-hedral rhombic shapes, RD1 toward 
,coarse crystalline , RD2 in open space vugy pore.  F) Zoned saddle dolomite cement crystals 
SD2 with irregular-shaped. Blocky coarse CC3 postdated hydrocarbon emplacement 
building on the saddle dolomite crystal. BSE images of the zoned coarse crystalline SD2 
with no remarkable variation in Ca content between the inner- and outer-zones 1 and 2.  
C
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Figure 3.10  PAAS normalized REE patterns for average values of the host and cement 
dolostones. The pattern shows slight enrichment of LREE over HREE and slight negative 
anomalies for Ce, Sm, Dy and a positive anomaly for Eu. See text for explanation.  
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Figure 3.11 Binary diagram of shale PAAS-normalized REE values showing Ce/Ce* and 
Pr/Pr* relationship after Bau and Dulski (1996) and Zhang et al. (2014).  
A) Ce (Ce / Ce*)SN–La (Pr / Pr*)SN anomaly cross plot of all studied carbonate 
samples, pevassive and saddle dolomites, calcite cements  and limestone samples. 
B) Enlarged colored area in A.   
C) and D) Ce/Ce* and Pr/Pr* diagram for different host and cement dolomite samples. 
The equations of Bau and Dulski (1996) were used to calculate the values, and to define the 
positive and negative Ce and La anomaly fields. Equant calcite cement shows a negative Ce 
and positive La anomaly. In contrast, most of the host dolostones show a positive Ce and La 
anomalies. The sole saddle dolomite sample overlaps with matrix dolomite. This plot further 
demonstrates the variable effect of hot basinal brines on the formation of these diagenetic 
phases as well as varied water/rock interaction. SN stands for shale normalization. 
Note field a: neither Ce nor La anomaly; Field b: positive La anomaly, no Ce anomaly; Field 
c: negative La anomaly, no Ce anomaly; Field d: true positive Ce anomaly; Field e: true 
negative Ce anomaly.  
 
 
Figure 3.12 A and B) Carbon and oxygen isotopic compositions of Qamchuqa carbonates 
(host limestones and diagenetic dolomite and calcite phases). Black arrow corresponds to 
hydrothermal and burial trend of pervasive and saddle dolomites. Whereas blue arrow 
corresponds to calcite cement trend and late meteoric and exposure alteration. Lower 
Cretaceous marine carbonates signature according to Veizer et al. (1999). C) 87Sr/86Sr versus 
oxygen isotope compositions of calcite and dolomite phase. The plot showing the increase 
in radiogenic strontium compared to Lower Cretaceous carbonate (less altered shell). The 
box represent Lower Cretaceous calcite signature according to Veizer et al. (1999). 
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Figure 3. 13 Microthermometric data of fluid inclusions in calcite cements, pervasive and 
saddle dolomites.  
A) Cross-plot of salinity, calculated from final melting temperatures (Tm) of fluid inclusions, 
v.s. homogenization temperatures (Th).  
B) Histograms of combined all homogenizaton temperature frequency of fluid inclusions. 
Separate histograms of: C) Calcite cement. D) Pervasive dolomites. E) Saddle dolomites.   
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Figure 3. 14 Correlations of pairs concentration values of elements (Fe, Mn, Sr, Mg, Ca, As, 
Zn, Pb, Cu), oxides mole %CaCO3, and the ratio (Eu/Eu)SN and (Ce/Ce) SN in the calcite and 
dolomite of Qamchuqa Formation.  
 
 
 
 
 
Figure 3. 15 Plot of precipitation temperature versus δ18O diagenetic fluid for various δ18O 
dolomite and calcite values of studied carbonates. The δ18O composition of the fluid in 
equilibrium with dolomite as function of the temperature was calculated using the 
fractionation equation 103 lnα= 3.2 x 106 T-2-3.3 (Land 1983). The δ18O values of single 
dolomite sample were plotted against the mode values of Th for the same sample. Bimodal 
distribution of RD5 Black dolomite 1 and 2 area connected buy dots indicate the inner and 
outer core data respectively. 
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Table 3.1: Summary of elemental concentration of Fe, Mn, Sr and CaCO3 and MgCO3 wt%, 
composition of host and cement dolomites, and calcite cement. 
 
  n CaCO3(wt%) MgCO3(wt%) Fe(ppm) Mn(ppm) Sr(ppm) Fe(wt%) 
RD 
Max 
32 
65.6 55.2 855.0 56.4 64.4 0.085 
Min 44.8 34.4 34.7 14.5 19.9 0.003 
Mean 59.5 40.5 260.5 34.4 35.9 0.026 
SD 
Max 
23 
65.6 45.2 168.1 60.5 126.5 0.017 
Min 54.8 34.4 39.7 14.5 23.0 0.004 
Mean 60.0 40.0 83.4 38.9 49.1 0.008 
CC 
Max 
18 
99.8 9.8 2,430.0 88.4 830.9 0.243 
Min 90.2 0.2 81.9 15.1 50.2 0.008 
Mean 96.8 3.2 619.4 42.5 173.5 0.062 
Lst Max 5 99.6 4.5 269.3 27.0 860.5 0.027 
 
  n CaCO3(wt%) MgCO3(wt%) Fe(ppm) Mn(ppm) Sr(ppm) Fe(wt%) 
SD1 
Max 
5 
63.4 43.6 168.1 31.2 126.5 0.017 
Min 56.4 36.6 62.9 14.5 23.6 0.006 
Mean 59.3 40.7 106.1 22.5 51.8 0.011 
SD2 
Max 
10 
65.6 45.2 130.0 60.5 50.6 0.013 
Min 54.8 34.4 39.8 18.8 23.0 0.004 
Mean 59.8 40.2 91.1 38.7 35.8 0.009 
SD3 
Max 
8 
64.0 42.2 78.5 50.0 89.1 0.008 
Min 57.8 36.0 39.7 39.6 32.0 0.004 
Mean 60.6 39.4 56.7 45.4 64.0 0.006 
 
 
 
  n CaCO3(wt%) MgCO3(wt%) Fe(ppm) Mn(ppm) Sr(ppm) Fe(wt%) 
RD1 
Max 
4 
63.2 40.0 728.0 50.8 38.9 0.073 
Min 60.0 36.8 129.5 29.1 24.4 0.013 
Mean 61.5 38.5 356.2 37.5 29.6 0.036 
RD2 
Max 
9 
65.6 43.4 182.3 53.8 64.4 0.018 
Min 56.6 34.4 90.6 16.4 27.0 0.009 
Mean 60.5 39.5 125.0 36.4 37.6 0.012 
RD3 
Max 
7 
59.5 55.2 373.7 56.4 51.7 0.037 
Min 44.8 40.5 111.4 28.7 20.9 0.011 
Mean 55.3 44.7 281.7 41.4 34.5 0.028 
RD4 
Max 
5 
64.2 41.3 855.0 44.9 61.9 0.085 
Min 58.7 35.8 92.7 21.7 19.9 0.009 
Mean 61.5 38.5 419.6 29.7 42.0 0.042 
RD5 
Max 
7 
64.4 43.0 264.0 48.5 46.8 0.026 
Min 57.0 35.6 34.7 14.5 24.0 0.003 
Mean 59.8 40.2 140.6 29.4 34.2 0.014 
  n Ca(ppm) Mg(ppm) Fe(ppm) Mn(ppm) Sr(ppm) Mg (wt %) Fe(wt%) 
CC2 
Max 
4 
452208.66 13934.67 226.41 88.45 830.89 1.39 0.02 
Min 212508.12 1688.74 85.00 15.08 50.24 0.17 0.01 
Mean 332358.39 4841.23 155.71 41.88 176.66 0.48 0.02 
CC3 
Max 
3 
434023.12 5692.78 < DL 77.42 129.60 0.57 < DL 
Min 391896.34 1773.16 < DL 32.18 91.23 0.18 < DL 
Mean 410817.70 3213.83 < DL 52.53 106.07 0.32 < DL 
CC4 
Max 
11 
445890.38 28714.45 2429.98 88.45 830.89 2.87 0.24 
Min 212508.12 721.60 81.89 20.11 50.24 0.07 0.01 
Mean 360280.44 9830.89 751.90 44.86 212.64 0.98 0.08 
Lst 
Max 
5 
441314.19 11869.58 269.34 27.02 860.53 1.19 0.03 
Min 219857.84 1294.56 106.02 12.10 32.27 0.13 0.01 
Mean 371240.76 4279.94 187.68 18.97 246.37 0.43 0.02 
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Table 3.2: Summary of oxygen and carbon isotope composition and strontium isotope 
composition of host and cement dolomites, and calcite cement and limestones, It is included 
the microthermometric data of selected samples of the lower Cretaceous Qamchuqa 
formation.  
 
 
 Ce/Ce*)SN Pr/Pr*SN (Eu/ Eu)*SN 
 Max Min Average Max Min Average Max Min Average 
RD1 1.15 0.83 1.00 1.04 0.97 1.00 1.18 0.98 1.10 
RD2 0.97 0.56 0.77 1.12 0.99 1.04 1.49 0.98 1.17 
RD3 1.09 0.75 0.91 1.11 0.95 1.03 1.39 0.80 1.09 
RD4 1.12 0.93 0.89 0.99 0.96 0.98 1.36 0.96 1.13 
RD5 0.85 0.54 0.75 1.09 0.99 1.03 1.45 1.02 1.17 
SD1 1.09 0.71 0.87 1.06 0.98 1.03 1.68 1.05 1.38 
SD2 1.15 0.67 0.87 1.14 0.97 1.03 2.27 1.15 1.61 
SD3 1.07 0.71 0.85 1.02 0.96 0.99 2.14 1.08 1.49 
CC2 1.14 0.73 0.95 1.09 0.96 1.04 1.76 1.22 1.40 
CC3 1.06 0.91 0.89 1.11 1.01 1.05 1.50 1.22 1.34 
CC4 1.03 0.77 0.88 1.06 0.95 1.00 1.42 0.87 1.20 
Lst 1.00 0.81 0.97 1.07 0.99 1.02 1.54 1.19 1.34 
  
161 
 
Table 3.3: Summary of Ce (Ce/Ce*)SN , La (Pr/Pr*)SN, Eu (Eu/Eu*)SN anomaly of host and 
cement dolomites, and calcite cement and limestones.  
 
 
 Ce/Ce*)SN Pr/Pr*SN (Eu/ Eu)*SN 
 Max Min Average Max Min Average Max Min Average 
RD1 1.15 0.83 1.00 1.04 0.97 1.00 1.18 0.98 1.10 
RD2 0.97 0.56 0.77 1.12 0.99 1.04 1.49 0.98 1.17 
RD3 1.09 0.75 0.91 1.11 0.95 1.03 1.39 0.80 1.09 
RD4 1.12 0.93 0.89 0.99 0.96 0.98 1.36 0.96 1.13 
RD5 0.85 0.54 0.75 1.09 0.99 1.03 1.45 1.02 1.17 
SD1 1.09 0.71 0.87 1.06 0.98 1.03 1.68 1.05 1.38 
SD2 1.15 0.67 0.87 1.14 0.97 1.03 2.27 1.15 1.61 
SD3 1.07 0.71 0.85 1.02 0.96 0.99 2.14 1.08 1.49 
CC2 1.14 0.73 0.95 1.09 0.96 1.04 1.76 1.22 1.40 
CC3 1.06 0.91 0.89 1.11 1.01 1.05 1.50 1.22 1.34 
CC4 1.03 0.77 0.88 1.06 0.95 1.00 1.42 0.87 1.20 
Lst 1.00 0.81 0.97 1.07 0.99 1.02 1.54 1.19 1.34 
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Chapter 4   
Reservoir implications of hydrothermal dolomitization in Lower 
Cretaceous Qamchuqa Formation carbonates - Kurdistan region- 
northern Iraq 
4.1 Introduction 
Extensive hydrothermal fluid flow has been documented in carbonate-dominated oil-
bearing basins of varying ages worldwide (Davies and Smith, 2006, and references therein), 
such as the West Canada Sedimentary Basin, the Michigan Basin, and basins in the Middle 
East (Hurley and Budros., 1990; Cooper et al., 2001; Smith 2006; Davies and Smith, 2006). 
Some of these carbonates (e.g. Ghawar, Saudi Arabia; Cantrell et al., 2004; Davies and 
Smith, 2006) or gas-bearing reservoirs (North field, Arabian Gulf; Sudrie et al., 2006) 
emplaced partially in porous hydrothermal dolomites.  
Hydrothermal dolomite bodies are commonly associated with tectonic activity and are 
accompanied by fracturing and multiphase hydrothermal fluxes, post-depositional alteration 
and the evolution of the carbonate pore system (Sun, 1995; Warren, 2000; Lavoie and Morin, 
2004; Al-Aasm and Clarke, 2004; Lavoie et al., 2005; Lavoie and Chi, 2006; Kareem et al., 
2019). These post-depositional hydrothermal alterations include a series of diagenetic 
processes which strongly influences reservoir characteristics and enhanced performance such 
as: hydrothermal dolomitization (Wilson et al., 1990; Al-Aasm and Lu, 1994; Malone et al., 
1996; Durocher and Al-Aasm, 1997; Al-Aasm, 2003;  Cantrell et al., 2004; Lavoie and 
Morin, 2004; Nader et al., 2004; Davies and Smith, 2006; Wierzbicki et al., 2006; Al-Aasm 
et al., 2009; Nader et al., 2009; Ronchi et al., 2010; Conliffe et al., 2010; Lavoie and chi, 
2010;  Lopez- Horgue et al., 2010; Zhu et al, 2010; Shah et al., 2012; Mansurbeg et al, 2016); 
dolomite recrystallization (Malone et al., 1996; Lavoie and Morin, 2004; Wierzbicki et al., 
2006); saddle dolomite replacement and zebra texture creation (Kareem et al., 2019); and 
carbonate dissolution (Hurley and Budros., 1990; Lavoie et al., 2005; Wierzbicki et al., 2006; 
Kareem et al., 2019). 
Non-focused and focused hydrothermal fluid flow in carbonate rocks under 
structurally controlled conditions can have significant impact on reservoir quality when 
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pervasive dolomite (host rocks) is comprised of a range of porous dolostone and zebra 
textures (Davies and Smith , 2006; Fuentes et al., 2009; Martín-Martín et al., 2013; Morrow, 
2014; Hiemstra and Goldstein, 2015; Wallace and Wood, 2018). The characteristic features 
of these porous carbonates, such as their distribution, the mechanism and time scale of fluid 
flows, and the complex alterations that affected the original porosity and permeability are 
not substantially discussed and well understood and they are the focus of scientific debate. 
Various studies focused on the Cretaceous carbonates in Kurdistan Region- Northern Iraq 
have been made, but none have thoroughly discussed the implications of hydrothermal 
alterations on reservoir characteristics (Taha and Ameen,2014; Mansurbeg et al., 2016; 
Kareem et al 2019).  
The aim of this study is to constrain the spatial distribution of porosity, its evolution and 
its relationship to the regional tectonic and hydrothermal dolomitization. The source and 
nature of multiple fluid flow and fluxes and their implication on pore structure, reservoir 
characterization, and hydrocarbon emplacement have been taken into consideration of the 
investigated dolostones. To achieve this goal, the present study concerns with the nature and 
origin of dolomite in surface exposures and subsurface sections of early Cretaceous 
carbonates in Gali Ali Bag Gorge- Kurdistan region (South West Zagros belt).  
4.2 Geological setting 
The Gali Ali Bag Gorge is in the northern part of Arabian plate at the High Folded Zone 
at the border with the Imbricated Zone (Fig. 4.1) (Buday, 1980; Buday and Jassim, 1987; Al-
Kadhimi et al., 1996; McQuarrie, 2004 and Jassim and Goff, 2006), which is a part of the 
unstable shelf of Arabian Plate (Sessakian et al., 2015). The Arabian plate is a part of Alpine-
Himalayan belt and tectonically considered an active plate by convergence with Iranian plate 
toward NNE direction (Jackson et al, 1995). Because of the Zagros Orogeny, convergence 
continent-continent collisional events between the Arabian and the Eurasian Plates caused 
the final closure of the Neo-Tethys and formed the Zagros Fold-Thrust Belt (ZFTB), which 
occurred during Late Cretaceous to Cenozoic (Miocene-Pliocene; Sharland et al., 2001; 
McQuarrie et al., 2003; Alavi, 1994, 2004; Guest et al., 2007; Agard et al., 2005; Al-Qayim 
et al., 2012; Mohammed et al, 2014). The ZFTB is the Northeastern deformed part of the 
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Arabian plate (Alavi, 2004 and 2007) that has been deformed intensely on all scales 
(McQuarrie et al., 2003; Guest et al., 2007, Al-Qayiem et al, 2012).  
High folded zone Kurdistan region’s topography is very rugged with Cretaceous 
successions that are widely exposed in this zone (Ameen and Gharib, 2014; Sissakian et al, 
2015). In Gali Ali Beg Gorge, several hundred meters of Early Cretaceous shallow water-
platform carbonates of Qamchuqa Formation lay conformably over thinly inter-bedded soft, 
basinal marl and marly limestone of Sarmord Formation, and are overlain by thickly bedded 
Aqra-Bekhme Formation. These successions have a cumulative thickness of more than 
1500m (Ameen and Gharib, 2014; Sissakian et al, 2015). Qamchuqa Formation consists of 
thick successions of dolomite and limestone with very changeable thickness (Bellen et al., 
1959; Ameen, 2008) (Fig. 4.2C). 
The study area demonstrates excellent example strata-bound hydrothermal dolomites 
that host a unique range of saddle dolomite and zebra textures (Kareem et al., 2019). 
Dolomitization and extensive dissolution by meteoric water and karstification, which create 
various forms of porosity and enhanced reservoir quality, especially in the upper part of the 
formation (Sadooni and Alsharhan, 2003, Kareem et al., 2019). The dolostones vary from 
fine crystalline to coarse, saddle dolomite which occur as replacive and pore-filling cement. 
The dolomite textures contain highly intercrystalline porosity with fractured and brecciated 
units that occur in many surface and subsurface sections. Different dolostone outcrops in 
northern Iraq show large scale leaching and formation of caves and karsts features (Sadooni 
and Aqrawi, 2000; Sadooni and Alsharhan, 2003). Furthermore, in oil fields significant large, 
vuggy porosity is associated with fractured dolostone facies such as in Kirkuk and Jambur 
oil fields (Sadooni, 1978), Bai Hassan oil field (Al-Peryadi,2002), Taq Taq oil field (Rashid, 
2008) and Khabas oil field (Qadir,2008). Therefore, the formation has been an expoloration 
target since 1940 and has produced large quantities of oil in northwesten Iraq reservoirs. 
Balambo and Sardmord (Cretaceous) formations are the main potential source rocks of 
hydrocarbons for Qamchuqa Formation, in addition to Chia Gara, Naokalikan, and Sargelo 
(Jurassic) Formations (Sadooni and Alsharhan, 2003; Al-Qayim et al., 2016).  
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4.3 Methodology 
  Analyses were carried out on hand-specimens from 16 different outcrop sections and 
subsurface core samples from two geotechnical boreholes (BH#2 and BH#7; Fig. 4.2A and 
D). These analyses include detailed outcrop investigations, core sample descriptions, 
petrographic and microscopic examinations, and scanning electronic microscopy (SEM) 
analysis. These data have been utilized to investigate the effects of hydrothermal alteration 
on the reservoir characteristics of the Qamchuqa carbonates. Core samples were selected 
from two geotechnical boreholes at elevations 547 and 518 m that reached a depth of 48.8m 
and 120 m, respectively. A total of 315 outcrop and core samples (252 and 163, respectively) 
were collected from host rocks taking into consideration the different pore textures for 
different carbonate facies in the proximity to major structural elements. A total of 163 
standard and large thin sections were examined using conventional petrographic microscope. 
The morphology and textures of dolomite crystals of the host rocks were recognized based 
on crystal size, crystal boundary shape, pore size and distribution, relationship between 
fractures, stylolites, pores and bitumen emplacement. 
The Lower Cretaceous Qamchuqa Formation at Gali Ali Bag Gorge are organized 
into eight units of thick massive dolomite and limestone sedimentary successions (Ameer 
2005). Three main dolomite units are distinguished and described from outcrops and the 
lower part of the first unit was described from drilled cores (Fig. 4.2). 
The study and evaluation of pore geometry are based on scanning electron 
microscope (SEM) and digital image analysis acquisition. These analyseswere performed at 
the University of Windsor, Canada. The SEM have been conducted on thirteen C-coated 
small chips and twenty polished thin sections to investigate pore geometry distribution, 
detailed crystal size and shape variations, and qualitative analyses of dissolution, 
cementation within the different calcite and dolomite (pervasive and saddle dolomite) of 
individual crystals of the samples obtained  
Digital images of the desired thin sections are taken and a “per-area” calculation is made 
for porosity evaluation on different types of dolomite and calcite, which were performed at 
the University of Windsor, Canada. Image Analysis of thin sections relies on the use of the 
Image Pro-plus imag processing software. With the aid of a digital capture camera mounted 
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to a petrographic microscope, digital images of thin sections where taken and a color 
(arbitrary solid blue was chosen) was assigned to the pore space. Pore spaces are digitally 
colored pore-space vs the whole image. The calculated values represent the relationship 
between the blue clusters and the whole picture (total blue area/whole picture area). Porosity 
and pore “connectivity” are inferred performing “per-area” calculations for different 
dolomite textuers.  
4.4 Results  
4.4.1 Field observations and core descriptions 
The exposed strata at the study area consists of alternating massive, thick, low 
porosity limestones and thick, highly porous dolostones (Fig. 4.2C). These strata underwent 
multi stage folding, faulting and fracturing. A serious of host and cement dolomites and zebra 
textures observed from core samples and in outcrops along more than 5 km in the Gali Ali 
Bag Gorge area. These textures reveal series of hydrothermal fluid flows effects on host 
rocks and such as dolomitization, dissolution and cementation. 
A range of hydrothermal zebra dolomite textures, comprised of alternating layers of 
dark (gray and black) dolomite and light (white to milky) saddle dolomite are observed (Fig. 
4.3). Kareem et al. (2019) classified these textures to fine, meso, and mega zebras. The saddle 
dolomites and zebra textures occur along the post-depositional fault/fracture conduits that 
linked downward.  
  The thickness of the zebra and saddle dolomite varies between few centimeters to a 
few of meters and may reach tens of meters thick, which focused in dolostone host and 
increases toward faults. In many locations, patchy or mottled zebra texture have been 
observed also. Vertical to sub-vertical set fractures (open and healed), mostly intersected 
different textures of saddle or zebra dolostone formation, are present (Fig. 4.4A, 4.7A). The 
major zebra texture is fine zebra occurs as thin to thick layers, and extend tens of meters, 
hosted by the porous sucrosic dolostones close to fault and fractures zones (Figs.  4.3C, 4.4B 
and C). 
The distribution and occurrence of zebra texture and saddle dolomite fabrics are 
direct clues to their presence with respect to location to fracture system which grew side, up 
and downwards away from the thrust faults (Fig. 4.2D) in the dolostone substrates, and/or 
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associated shear fracturing (Figs. 4.4B and D) (e.g., porous boxwork porosity of saddle 
dolomite cement (Fig. 4.4D), or a high porous sheet of zebra growth (Fig. 4.4B and C).  
Highly porous and permeable matrix and cement dolomites and zebra textures occur 
in the studied samples. The porosity found in dolostones are: dissolusion pores (Figs. 4.3, 
4.6B-D), intercrystalline pores (Figs. 4.5 C-E, 4.6B-D), caverns and expanded fractures 
(Figs. 4.3B2, 4.5A, 4.7B and C, 4.8A). Commonly zebra fabrics posses highly porous and 
permeable intervals, as sets of equidistant parallel disc-like of dolomite veins (Fig. 4.3C, 
4.4B and C, 4.8C). In these zebra textuers high inter-crystalline porosity or parallel channels 
may reach a meter in length; some of these channels may merge into one and dominantly 
linked with semi vertical extensional joints or micro fractures (Figs 4.4A and C, 4.7A). The 
distribution of these dolomite bodies are structurally controlled and clearly controlled by the 
fault system (Fig. 4.2D).  
The effects of diferent diagenetic processes, such as dolomitization; dissolution; 
cementation, and fracturing, on reservoir charechterization in term of large-scale 
heterogeneity of pore geometry in shape and size are significant (Figs. 4.3-4.8). The highly 
porous dolostones contain numerous types of saddle dolomite and zebra textures. 
Predominantly all effective pore types in outcrop and core samples are secondary in origin 
and are related to dissolution, dolomitization and fracturing. Zebroid porosity (zebra sheets) 
(Figs. 4.3C, 4.4B, C, 4.8C), intercrystalline and vuggy porosity in host dolostone (Figs. 
4.3B1, B2, C1, 4.4B, 4.6B-D) and vuggy saddle dolomites (Figs. 4.3, 4.5B, 4.6B-D), 
boxwork saddle dolomite porosity (Fig. 4.4D), and enlarged fracture porosity (Figs. 4.3A2 
and B2) are the most significant forms of secondary porosity. In addition, highly effective 
secondary porosity is observed in brecciated or intense fractured limestones (Fig. 4.7D), 
modified primary intergranular pores in dolomitized grainstones, and karst-related intervals 
with modified original pores (Fig. 4.5A, 4.7B). 
Stylolites are present and have low to intermediate amplitude; the most commonly 
observed are: bedding parallel single or mutiple stylolites (Fig. 4.3B1, B2); vertical to 
inclined stylolites (Figs. 4.3A2 and C2); stylolitie-associated fractures (Fig. 4.5C); and 
concave-convex stylolites - contact crystal boundary (Fig. 4.6F and 4.8B). 
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Multiple stages of fracturing and compaction pre and post dolomitization and during 
to postdate saddle dolomite and zebra textures occurrences are observed (Figs. 4.3-4.6). 
Generation of pores and cavities along fractures in the original tight matrix dolomite resulted 
from dissolution along these fractures that led to the development and enlargement of the 
vuggy pores and fractures. In some cases, these fracture dissolution enlargements observed 
associate or cross cut by stylolites (Figs. 4.3B2).  
The significant enhancement of reservoir characteristics is associated with intervals that 
highly affected by hydrothermal alterations, commonly observed in the zebra textures hosted 
by porous pervasive dolostones. Bitumen emplacement has been observed in different 
porosity types such as intercrystalline porosity (Figs. 4.5C and E, 4.6 C-D); vuggy pores 
(Figs. 4.3, 4.5B), zebra texture (Fig. 4.8D), micro-fractures (Figs. 4.5C, 4.7D, .8A), and 
stylolite associated micro-fracture (Fig. 4.5C). 
4.4.2 Petrographic observations 
Genetically six distinct types of pervasive (host) gray and black dolomites, three 
types of saddle dolomites, and four types of calcite cements were distinguished. Replacement 
dolomites (RD) consist of: (1) fine crystalline, planar-subhedral to non-planar anhedral 
(RD1; Fig. 4.6B); (2) medium to coarse crystalline, Planar-e-s (euhedral to subhedral) (RD2; 
Fig. 4.5E, 4.6B and D); (3) coarse to very coarse crystalline zoned Nonplanar-a (anhedral) 
(RD3; Fig. 4.8B); (4) medium to coarse-crystalline –e (euhedral) (RD4); (5) medium to 
coarse zoned crystalline subhedral to anhedral (brown) black dolomite (RD5; 4.6H), and 
(6)fine to medium crystalline euhedral planar selective dolomite (RD6). Saddle dolomites 
(SD) consist of: (1) fine crystalline saddle dolomite (SD1; Figs. 4.5E, 4.8D6D-E); (2) 
medium crystalline saddle dolomite (SD2; Fig. 4.5D); and (3) coarse crystalline saddle 
dolomite (SD3; Fig. 4.5C). Calcite cements (CC) consist of: (1) equent cement filling 
interpartical & moldic pore (CC1; Fig. 4.6A and E); (2) sparry calcite filling fractures and 
vuggy molds (CC2; Fig. 4.6E); (3) blocky calcite cement rich in hydrocarbon inclusion 
(CC3; Fig. 4.6G); and (4) equent and acicular fibrous cement filling fracture, porous saddle 
dolomite and zebra textures (CC4; Fig. 4.8D; for more details, see Kareem et al., 2019).  
Saddle dolomites occur as areplasive and/-or filling vuggy and fracture pores in 
sucrosic gray dolostone RD2 followed RD3, RD4, and RD1, whereas the black dolomite 
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RD5 is less common and is predominantly associated with thrust faults and saddle dolomite 
pipes. The most common lithofacies associated with RD5 is dolostone breccia, which 
resulted in the formation of rectangle and elongated pack breccia to debris float breccia with 
>50% saddle dolomite cement.  
Exceptions to the general rule with vuggy saddle dolomite and porous zebra textures, 
numerous tight and non-porous with sutured mosaic textures of saddle dolomite are observed 
(e.g. collapse brecciated host dolomite cemented by sutured mosaic texture of saddle 
dolomite.  
The large-scaleheterogeneity of pore geometry in shape and size in dolostone facies 
are significant (Figs. 4.3- 4.8). In contrast, non-dolomitized wackestones to packstones that 
contain many bivalves, gastropods, forams, and peloids (Fig. 4.6A), or their debris, and some 
of skeletal components have porosity that are represented by biomolds filled partially to 
totally by calcite cement (Figs. 4.6A and F). These facies contain primary porosity such as 
interparticle and rarly intraparticle porosity, which filled by early calcite cement CC1 before 
compaction (Fig. 4.6A), or saddle dolomite cementation.  
The less porosity is observed in textures occurring in very tight mosaic texture RD3 (Fig. 
4.6G) and fine crystalline with minor intercrystalline porosity in RD1 (Figs. 4.6B). The 
limestone facies (mudstone to wackstone) as well as the fine crystalline dolomite RD1 
(crystals smaller than 50 μm with micro intercrystaline porosity), and sutured-mosaic coarse 
crystalline RD3 are too tight to be reservoir rocks. The best reservoir quality is observed in 
sucrosic dolomite RD2 (Figs. 4.5E 4.6 B and D, 4.8E), which shows high inter-crystalline 
porosity (11.2-30.2%), with occasional (Table 4.1), very well connected polyhedral pores 
emplacement by bitumen (Kareem et al, 2019) (Fig. 4.5E, 4.6D). In contrast, the amount of 
permeability and porosity in RD2 increases by late extensional open semi-vertical joints and 
dissolution enlargement along these fractures and created channels (Figs. 4.3B2) (Table 4.1).  
Numerous fractures were observed and can be split into sets according to their 
crosscutting relationship and fill phases:1) earlier fractures, these fractures, such as inter-
particle porosity or early dissolution void and molds, are extensively filled with calcite 
cement CC2 (pre-dolomitization phase, Fig. 4.6E); 2) syn-hydrothermal replacement 
fractures are predominantly filled by equant calcite cement CC3; 3) two or three sets of shear 
  
170 
 
fractures, syn-zebras and saddle dolomite are occupied by saddle dolomite (Figs. 4.4B-D); 
4) post-zerba and syn-hydrocarbon migration fractures occupied by bitumen (Figs. 4.5C, 
4.6C, 4.7D), or filled by equant calcite CC3 accompanied with bitumen (Fig. 4.8A); and 5). 
The last fracture generation is at least one set of systematic semi vertical extensional joints 
that are mainly open extend up to more than 15m and lack cement (Fig. 4.4A), representing 
the last generation of fractures connecting separate pores (Figs. 4.4C, 4.7A. These naturally 
fractured networks act as important productive zones for hydrocarbons.  
4.5 Discussion 
4.5.1 Porosity development and reservoir implications 
Porosity (effective porosity) and permeability represent important factors for the 
reservoir characteristics (Saller et al., 2001; Smith, 2006). Increases in porosity were noticed 
at all selected dolomitized outcrop sections and core samples and were possibly due to the 
dolomitization, hydrothermal alteration, late meteoric water dissolution, and fracturing 
related to compressive tectonic activity and late extensional stress. The secondary porosity 
and permeability created during these alteration processes are a necessary preparatory stage 
for the influx of later dissolving fluids have benn observed in the studied outcrop and core 
samples.  
Patterns of non-sheet, irregular or geometric shape pores have been generated 
because of fracturing and saddle dolomite cementation. Intersecting porous boxwork saddle 
dolomite meet at various angles (Figs. 4.4B-D), exposing pores with sharp edges that mimic 
the sharp angle shear fractures of intersecting host rocks (Fig. 4.4D; Morrow, 2014). 
On the other hand, petrographic study reveals that porosity is considerably reduced 
or destroyed by early to late calcite cementation.  The amount of primary porosity has been 
filled partially or totally by early calcite cementation CC1 and/or CC2 before the 
dolomitization-replacement stage (Fig. 4.6A). In relative order of occurrence of cementation 
(cf. Kareem et al, 2019): both early shallow marine CC1 formed prior to compaction and 
fracturing; shallow to intermediate CC2 filling fracture and vugs blocked most of porosity 
and prevented dolomitization in these interval beds, which preserved the original textures of 
limestone. On the other hand, late calcite cements CC3 and CC4 postdated fracturing, 
dolomitization and saddle dolomite (Figs. 4.6G, 4.7B, 4.8D), and partially destroyed 
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secondary porosity of pervasive dolomites, porous saddle dolomite, zebra texture and 
fractures. 
Following dissolution, saddle dolomite and zebra textures associated with blocky 
calcite CC3 and CC4 destroyed some of the pre-existing porosity in the dolostones (Figs. 
4.6G, 4.8D). CC3 filling large vugs frequently engulfs the dolostone clasts (i.e. floating clast 
hydraulic breccias).  
4.5.1.1 Dolomitization process and its implications for porosity evolution  
Hydrothermal fluid flows occurred in at least two main episodes with multiple fluxes. 
These are an earler diagenetic regional strata focused “strata-bound” hydrothermal 
dolomitization and a later localized focused fault and fracture-controlled saddle dolomite 
precipitation (Kareem et al., 2019). Primary porosity is dominated in grainstones, while 
secondary porosity was produced during dolomitization, dissolution, faulting and fracturing. 
The latter processes contributed to the creation of a range of porous saddle dolomite and 
zebra textures.  
Dolomitization affected most of the Cretaceous carbonate reservoirs in high folded 
zone. The timing and origin of the fluid flow events is related to tectonic activity on a large-
scale represented by transtensional faulting and extensional-related Zagros Orogenic 
processes during collision of Arabian and Eurasian plates (Mansurbag et al, 2016; Kareem 
et al, 2019). The most recent integrated petrographic, isotope and elemental geochemistry, 
and fluid inclusion study by the author suggested that dolomitization in the Gali Ali Bag 
Gorge took place during several phases of hydrothermal fluid flow events that caused 
variable textural and compositional alteration, overgrowth and zonation in an open 
diagenetic system, which created wide range of intercrystalline porosity (Figs. 4.5D, E, 4.6B-
D, 4.8C-G) (Kareem et al., 2019). 
Dolomitization may lead to porosity enhancement (Morrow, 1982; Lucia and Major, 
1994; Purser et al., 1994; Sun, 1995; Machel, 2004), and can increase porosity by up to 13% 
during the replacement of calcite to dolomite (Weyl 1960; Machel, 2004; Kelka et al., 2016). 
Dolomitization is a process of replacement mole-for-mole of Ca by Mg with local sourcing 
of carbonate, as a result greater specific gravity of dolomite may lead to porosity 
enhancement during the exchange of calcite to dolomite (Weyl 1960; Tucker and Wright, 
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1990). This phenomenon is clearly observed in RD2, which has a porosity of between 15 to 
20 % (Figs. 8D and E) and could be a potential reservoir for hydrocarbons (e.g. Mazzullo 
and Chilingarian, 1996; Honarmand and Amini, 2012; Li et al., 2015). The main dolomite 
reservoir porosity is associated with enhanced vuggy porosity due to dissolution of dolomite 
and creation of intercrystalline porosity (Figs. 4.6C, D) (Wang and Al-Aasm, 2002). 
Intercrystalline and vuggy porosity in the studied dolomites are considered genetically 
associated with dolomitization and dissolution processes by which dissolution of a precursor 
carbonate and precipitation of a dolomite can be very effective. Dolomitization processes, 
recrystallization, crystal zoning and overgrowth may be repeated several times, which 
resulted in the formation of low to high porosity intervals compared to the precursor 
carbonates (Tucker and Wright, 1990; Purser et al., 1994; Warren, 2000). The amount of 
porosity changes is controlled by the dissolution and precipitation rates and quantity of 
external carbonate (CO3
2-) source that is added to the diagenetic systems (Murray, 1960; Sun, 
1995; Maliva et al., 2011).  
Successive fluid flow induced the recrystallization of the initial matrix replacive 
dolomite (i.e., RD1 to RD2), as well as the subsequent formation of clear dolomite 
overgrowths (overdolomitization). The transformation of RD1 to DR2 crystal mosaics lead 
to an increase in the reservoir quality of the dolostone bodies (Fig. 4.6B).  
4.5.1.2 Stylolite formation, dissolution and porosity  
It is commonly observed that the microfractures crosscutting stylolites where by at a 
later stage these fractures are enlarged by dissolution and filled by bitumen (Fig. 4.3B2). 
This suggests that these late fracturing and dissolution events occurred after compaction but 
prior to hydrocarbon charge; hence indicating a shallow burial origin. 
Stylolites with different amplitudes are present in two directions. Tectonic origin of semi-
vertical to inclined, oblique or non-bedding-parallel stylolitic seams (Fig. 4.3C2), and 
horizontal bedding-parallel stylolites (Figs. 4.3B1 and B2, 4.5C). These stylolites were 
developed in both the limestone and doloston facies. Some of these stylolites are formed 
somewhat at greater depth in the dolostones due to their greater resistance to dissolution than 
the limestones (Mountjoy and Amthor, 1994; Duggan et al., 2001).  
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Stylolites are observed along the serrated border between the host gray and white 
cement dolomites (zebra bands) or at layer’s contacts. Some medium to high-amplitude 
bedding-parallel stylolites clearly crosscut host dolomite and zebra dolomite bands. The high 
homogenization temperatures of fluid inclusions and the abundance of bed-parallel stylolites 
in saddle dolomite or zebra bands (Figs. 4.3B and C, 4.5C, 4.8C) reflect their formation prior 
to deep burial (Kareem, et al., 2019). These stylolites predate and/or syn-zebra dolomite 
formation are structurally controlled of hydrothermal origin and are crosscut by three set of 
fractures (shear fractures e.g. Twiss & Moores, 1992). These fractures are filled or lined by 
saddle dolomite and make different size of boxwork fabric saddle dolomites (Figs. 3.4C-D; 
Morrow 2014). Oblique stylolites have been observed associated with fractured pervasive 
dolomites (RD2 and RD3). These dolomites were affected by hydrothermal vug and fracture 
enlargement, dissolution, fracturing and cavity-filling saddle dolomites (SD1 and SD2), 
indicating that they formed prior to focused hydrothermal fluid flow and saddle dolomite 
precipitation or zebra texture generation (Figs. 4.3A2 and B2, 4.4B-D).   
Non-preserved fabrics in the pervasive dolomite crystals, undulant or gradational 
contacts between host- and cement-dolomites or between different crystal types, and 
concave-convex boundaries and micro-stylolites between dolomite crystals (FIG. 6F, 8C) 
indicate that reasonable mechanical compaction took place after saddle dolomite 
replacement and cementation (Fig. 4.5C). Combined late-stage fracturing and stylolitization 
(Figs. 4.3B2, 4.5C) are both or separately linked to a range of vugs and cavities, which acted 
as a pathway for hydrocarbon flow. 
The main stylolite formation occurred after replacement and prior to calcite 
cementation CC3 and CC4. Medium- to high-amplitude stylolites associated with fracturing 
occur in both the limestone and dolostone facies, the stylolites in predominantly dolomite 
facies and, in some cases, limestone facies are linked to micro-fractures that acted as a mesh 
net porosity and are filled by bitumen. Therefore, such textures can reveal the path of 
hydrocarbon migration and highlight the connection between different textures and layers.  
Most dolomite crystals underwent recrystallization and zoning formed in near 
surface, high-temperature, saline conditions (Kareem et al., 2019). Variation in crystal sizes 
and textures during recrystallization, zoning and overgrowth, scatter and aggregate rhombic 
  
174 
 
dolomite crystal along and around stylolites reflect slow dolomitization under different 
condition, indicate that dolomitization took place shortly after the deposition of Cretaceous 
limestones, in a shallow burial depth under tectonic compressive stress tectonic setting.  
Kareem et al. (2019) relate the origin of the dolomite to hydrothermal circulation in more 
porous permeable, faulted settings. These authors assume a relatively deep ˂1000 m burial 
at the time of dolomitization. This corresponds with a depth at which regional compressive 
stress with first-generation of folding, faulting and fracturing and local compactional 
stylolites could have developed. In core samples and thin sections, bedding-parallel stylolites 
in the Qamchuqa limestone have the same or moderate higher amplitude and frequency to 
those in the pervasive dolomite. This implies that dolomitization of the Qamchuqa strata 
predates stylolitization because early stage dolomitization can restrain the development of 
stylolites (Morrow 1990). 
4.5.2 Shallow to deeper burial and late exposure dissolution, corrosion, and 
cementation.   
Hydrothermal fluids, formation waters and meteoric waters, respectively are the three 
main types of diagenetic fluids affected the Lower Cretaceous carbonate rocks of Gali Ali 
Bag Gorge. Most of the observed diagenetic features are genetically related to the multiple 
hydrothermal fluxes and later incursion of meteoric waters, which are controlled by the 
structural evolution and palotectonic stress and resultd of the multistage structural folding, 
faulting and fracturing, and late uplift and subsequent paleo-exposure. 
4.5.2.1 Hydrothermal fluid flows and pore system development 
Hydrothermal dissolution contributes to increase in porosity can be generated by 
three different required conditions: the development of fault and fracture system, the fall in 
temperature and pressure, the present of acidic fluid during the movement of the 
hydrothermal fluids from the deep to shallow (e.g. Wang et al., 2016). 
The complex diagenetic processes and multi generation of hydrothermal fluid fluxes 
predominantly altered the original fabrics of the Qamchuqa Formation (Kareem et al., 2019). 
The most notable porosity enhancement was observed linked to dolomitization processes 
(discussed before), and zebra formation and dissolution. A range of intercrystalline and 
vuggy pores developed by replacement and /or dissolution precipitation of saddle dolomites 
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and zebra textures. Notably, the greatest increase in porosity present in zebroid dolomite 
samples (3-12%) is achieved (especially in micro and meso-zebra; Figs. 4.3C). 
The equant calcite cement CC3 formation is a part of the history of expulsion of hot 
fluids. Its depleted δ18O stable isotopic signature, high Th and salinity, rich hydrocarbon 
inclusions emphasize that it was deposited from hot fluids during hydrocarbon migration; a 
suggestion is also supported by petrographic evidence (Kareem et al., 2019). 
Within focused hydrothermal fluid flow a large volume of hydrothermal fluids 
migrate upwards or downwards from deep to shallow depth along faults and fracture system 
and laterally invade the porous rocks. The invasive fluids become cooler and has temperature 
more than surrounding rocks (Shen et al. 2010, Davis and Smith, 2012). Under such 
hydrothermal conditions, the solubility of acidic gases and volatile substances such as of 
sulfuric acid and carbonic acid, increased as a result of cooling of hydrothermal fluids and 
decreasing temperatures (Hill, 1995; Zhao et al. 2013; Jiang et al., 2018), resulting in 
dolomite saturated fluids to become unsaturated and generate large amount of acids that mix 
with connate water and become corrosive acidic fluids. These corrosive fluids are associated 
thermochemical sulfate reduction and resulting in a range of porosity development ranging 
from micro-vugs to cavities (Figs. 4.3, 4.5A). In addition, the hydrothermal fluids cause an 
increase in fluid pressure in the faulted zone resulting expansion of a fracture zone through 
hydraulic fracturing, dissolution of carbonate rocks at different degrees and formation of 
corrosion of the surrounding rock and/or expansion fractures and dissolution pores (Fig. 
4.3B2; Cai et al., 1997; Jin et al., 2005, Han et al., 2019). 
Due to the unsaturaturation of diagenetic fluids, of calcium carbonate, the water-rock 
reaction continues to move towards the direction of rock dissolution. The small dissolution 
pores in the rock gradually connect and expand into large caves, and cracks have also been 
further enlarged (Fig. 4.5A). Therefore, dissolution resulting from hydrothermal fluid flow 
created variable porosity ranging from micro-vugs to cavities and solution-enlarged fractures 
(Figs. 4.3, 4.4C-D, 4.5A, and 4.6B-D). 
Normally, when deep hydrothermal fluid ascended faults to shallow depth the volume 
of dissolution and precipitation rates must be equal to the replacing mineral. Otherwise, when 
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of dissolution rate is more than the precipitation rate, range of shape and size of pores 
developed as observed in the area of study (Figs. 4.3, 4.6B-D) (Wallace and Wood, 2018). 
The extensive dissolution/enlargement of pores that occurred in dolostones rather 
than limestone facies is due to it is brittleness (display more fracture), higher matrix porosity 
and permeability in dolostones, supporting the idea of circulation of hydrothermal fluids 
through fractures and stylolite channels. Dissolution by hydrothermal brines was focused 
along faults, fractures, parallel to bedding stylolites, and crystalline pore system of dolostone 
matrix.  
Diagenetic modifications post hydrocarbon emplacement include formation of 
fractures, meteoric dissolution, and late calcite cementation. During uplift and subaerial 
exposure conditions, meteorically derived fluids bearing Fe oxides and hydroxides 
precipitated equant calcite cement CC4 in pore spaces and diminished total porosity. Calcites 
showrange of textures (fibrous, needle, pendant, and blocky shape), low Th and low salinity 
fluid inclusions (Kareem et al., 2019). Field and petrographic observations indicate that 
significant large to microscopic-scale dissolution and enlargement of vugs up to a few 
centimeters and cavities up to a few meters in size occurred and may be genetically linked 
to exposure and meteoric water flow. In the final stage, surface meteoric water circulation 
preferentially occurred in association with these karst features and vertical flow generated 
solution-enlarged fractures (Fig. 4.7E). Such late calcite cementation CC4 is in core samples 
which demonstrate higher porosity. 
Replacive dolomites and saddle dolomite rim overgrowths are corroded (Figs. 4.8F). 
Corrosion most likely occurred at two stages, with the first stage is related to the circulation 
of hot acidic fluids that preceded the emplacement of bitumen and thus postdated the saddle 
dolomites and zebras. The second stage is likely linked to burial hydrothermal dissolution. 
Dissolution-related hydrothermal brines were focused along fractures, affecting the stylolitic 
porosity (Fig. 4.3 A2 and B2). Consequently, sets of different directions (vertically, inclined 
and/or horizontally) allied vugs resulted from the dissolution and enlargement of the fracture 
and stylolite pore system (Figs. 4.3A2 and B2, 4.7E). 
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4.5.2.2 Karstification and exposure and meteoric pore system development 
In addition to hydrothermal corrosion adjacent to solution-enlarged fractures, 
meteoric dissolution and cementation are both observed as late diagenetic events during 
exposure and karstification. Significant range of large to microscopic-scale dissolution and 
enlargement up few centimeter vugs to few meter cavities linked to exposure and meteoric 
water. They developed a range of sizes of secondary pores within the limestone units (e.g. 
Sadooni and Alsharhan, 2003; Kareem et al., 2019). This alteration is evidenced also by low 
δ18O, δ 13C values and high Sr signatures and low salinity and temperatures of fluid inclusions 
in late calcite cement CC4 (Kareem et al., 2019). The power of dissolution mainly comes 
from the external CO2 in the atmosphere dissolved in meteoric water proceducing carbonic 
acid, which significantly is able to dissolve carbonate strata through the fracture systems 
developed during exposure (Zhao et al. 2013; Han et al., 2019).  
Qamchuga Formation underwent tectonic uplifting during Oligocene (Jassim and 
Buday in Jassim and Goff, 2006), and was subjected to leaching and alteration by 
atmospheric freshwater weathering. In highly fractured intervals, meteoric waters firstly 
dissolve the carbonate rocks around faults, pores, and unconformity surfaces. Dissolution by 
meteoric water and expansion of fracture continued for a protracted length of time and form 
vugs, caverns and caves. (Fig. 4.5A, 4.7B; e.g. Han et al., 2019). 
The later meteoric fluids were also likely influenced the karst system with good 
porosity and permeability conditions. The continuous dissolution gradually reaches 
saturation and move downward via fracture system. The continuous infiltration of saturated 
fluid act to precipitate late pores and factures with calcite cement CC4, and infills porous 
saddle dolomite and zebras (Figs. 4.7F, 4.8D). This late calcite cement CC4 destroyed most 
of dolostone porosity and affected the quality of the exposed intervals of the Qamchuqa 
Formation dolomites. 
4.5.3 Reservoir implications, quality and distribution 
The production intervals within the Lower Cretaceous Qamchuqa Formation are 
largely within the naturally fractured pervasive dolomite facies (Sadooni, 1978; Al-Shdidi et 
al., 1995; Al-Qayim et al., 2010). These naturally fractured networks might create a 
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significant percentage of productive hydrocarbons and become the targets of exploration 
even in nonporous layers. 
The best reservoir properties are encountered around thrust faults in pervasive 
dolomite intervals. The local improvement in pore geometry and enhanced reservoir 
characteristics is controlled by hydrothermal dolomitization, porous saddle dolomite and 
zebra textures, all these textures connected by late extensional semi vertical joints (Figs. 
4.4A, 4.4 C, 4.7A), vuggy (Figs. 3B1, 3C1, 5B, 6B and H, 7C) and porous zebra (Figs. 4B 
and C) and are underwent fracturing dissolution and calcite cementation processes 
pre/postdate oil emplacement and during exposure. 
Bitumen is observed in both porous matrix and cement dolomites of core samples rather than 
outcrops, due to degradation and flushing by fresh waters when exposure for long time. 
Instead of a few locations, it is not common to observe bitumen seepage from studied outcrop 
(Fig. 5A). In some cases, limestone layers show breccia with net mesh fracture, which is 
productive with high permeability, invaded by bitumen (Fig. 7F). Hydrocarbon-rich outer-
rims occur in the black dolomite RD5 crystals (Fig. 8D) and hydrocarbon inclusion- bearing 
calcite cement CC3 (postdate saddle dolomite) that fill fractures and open vugs (Fig. 9A). 
This suggests that CC3 was precipitated synchronous, to or followed by hydrocarbon 
migration. Both outer rim RD5 rich-hydrocarbon and CC3 bearing-hydrocarbon inclusions 
represent a good indicator of the timing of hydrocarbon maturation and migration of this 
petroleum system. Both predate oil emplacement and late calcite cement CC3, and postdate 
oil emplacement CC4 filled part of the newly created vuggy porosity and destroyed quantity 
of the dolostone porosity and constitutes the main cause for the present destroyed reservoir 
quality of the affected interval. 
During core drilling of the studied wells observations of important to totally lost mud 
circulation occurred during drilling were made at most intervals with visible hydrocarbon 
shows. The total mud loss occurs in the intervals with increased open-fracture density of 
porous pervasive dolomites and porous sheets of zebra textures. This interpretation supported 
by core description, field observation and petrographic studies, which suggest that both host 
and cement dolomite textures create an excellent dual-porosity reservoir in the study area, 
which cause to lost circulation of drilling mud in these intervals. Enhancement in 
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permeability is observed when sets of late fracture, semi vertical extensional joints, connect 
between permeable and non-permeable layers (Fig. 4A) or link separate inter-crystalline and 
vuggy pores (Figs. 3A, 4C, 7A). 
4.6 Conclusions 
This integrated field, core description, and petrographic study of the Qamchuqa 
carbonates allow for the folloing conclusions: 
1. Complex and continuous early to late diagenetic processes create heterogeneity in 
pore geometry with widespread dissolution-cementation and generation of 
multiphase saddle dolomite cement with a range of zebra texture. Excellent reservoir 
characteristics are associated with intervals that contain large volume of 
hydrothermally affected zones, which is encountered in the central gorge around 
thrust fault.  
2. Both host and cement dolomite fabrics variability that affected by dissolution 
mechanism caused by hot hydrothermal brine fluid fluxes and later meteoric water 
have a major impact to modify and enhance the original pore system to the excellent 
reservoir characteristic intervals. 
3. Enhanced porosity caused by corrosion most likely occurred at two main stages, with 
the first stage related to the circulation of hot acidic fluids that occurred during 
hydrocarbon emplacement, and thus postdated the saddle dolomite and zebras. The 
second stage is linked to exposure and karstification meteoric dissolution. Therefore, 
the reservoir quality considerably increased in dolostones and better developed where 
solution-enlarged fractures are present. 
4. The outcrop analog and core description show that the hydrothermal alteration with 
good reservoir quality occur in porous dolostone host show a range of zebraoid 
textures. Therefore, more attention should be paid to the dolostone units that are 
associated with hydrothermal alteration during the petroleum exploration. 
5. Observation of oil shows with lost circulation of drilling fluid appear to be more 
commonly associated with zebra textures, cavities, and solution-enlarged fractures 
than with intercrystalline and small vuggy pores intervals. This indicate that the 
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highly fractured hydrothermally altered intervals has a good reservoir 
characterization. 
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Figure 4.1 General location map showing oil and gas fields in the Low and High Folded Zone 
of Zagros Fold Thrust Belt (ZFTB) Kurdistan Region-North Iraq (The main tectonic 
subdivisions of the ZFTB modified after Al-Qayim et al., 2010; Csontos et al., 2012) 
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Figure 4. 2  Locations of the studied surface and subsurface sections.  
A) Google earth image, showing the location of the selected sections. B) Branch of the 
Rawandooz River, location of proposed dam and selected core samples. C) The right banks 
slop of Gali Ali Bag gorge, showing high cliff exposures of thick–bedded to massive 
limestone and dolostone rocks. D) Geological cross-section along proposed Dam Axis 
(Direction of section =N50, bedding dip/dip direction 20/200 in left bank and 17/030 in right 
bank) (D and L = dolomite and limestone subunits of the Qamchuqa Formation) (Modified 
after KRMAWR, 2013). 
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Figure 4. 3 Core photograph represent lithology of the studied wells showing different 
textures of dolomites. 
A) Portion of core of well BH2 (core No5. with 21/4-inch diameter-from 40.5-50.5m). 
Different textures of saddle dolomite filling fracture and vuggs, hydrocarbon stain in 
dissolution vuggy pores. A1 and A2 enlarged core samples showing range of micro 
to cavern, vugs, and enlarged fractures by dissolution. 
B) BH7 core samples (core No14. with 21/4-inch diameter-from 70-75m), showing 
dissolution and saddle dolomite cementation. Sequences of dolomite textures are 
darkened due to impregnation by bitumen, enlarged core samples B1- represent 
horizontal stylolite, and B2 showing hydrothermal dissolution along fractures and 
stylolites (red and blue arrows). 
C) BH7 core samples from 90-95m depth, display typical zebra (fine to meso zebra). 
Enlarged core sample: C1 display oil shows in large vug (dark color), C2 inclined 
stylolite. 
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Figure 4. 4 Field photograph of different set fractures, A represent extensional and B-D are 
shear fracturing, the right photographs are same interpreted. 
A) Well bedded dolostone cross cut by set of semi vertical late extensional joints 
(red marks layering, yellow marks joints and fractures). 
B) Tensile and shear fracture of en-echelon pattern texture of porous zebra 
texture (red arrows), and white sparry dolomite veins. 
C) Horizontal porous fine to meso zebra (red arrows) with inclined shear stress 
and fracturing. 
D) Boxwork fabric porosity (red arrows). The influence of intersecting fractures 
brackets an array of rectilinear vugs rimmed with white saddle dolomite.  
Note, figure C and D, the red and yellow lines are representing sets of syn and post saddle 
dolomite fracturing 
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Figure 4. 5 Bitumen observation from outcrop seepage, core description, and petrographic 
study.   
A) Bitumen seepage from vug and cavities. 
B) Core sample of vugy pore lined by saddle dolomite and later filled by 
bitumen. 
C) Highly fractured saddle dolomite (yellow arrows) associated stylolites (red 
arrows) are filled by bitumen (white arrows). 
D) Intercrystalline saddle dolomite porosity filled by bitumen. 
E) Sucrosic dolomite with high intercrystalline filled by bitumen  
 
 
 
 
Figure 4. 6 Photomicrographs of different textures characteristic of Qamchuqa carbonates. 
Note: Micro fracture (yellow arrow), bitumen (white arrow), porosity (blue arrows), and 
stylolite (red arrow). 
A) Calcite cement CC1 filling primary inter-granular pores of bioclastic peloidal 
grainstone filling. 
B) Dissolution vug and moldic porosity in fine crystalline dolomite RD1. 
C) Bitumen filling inter-crystalline, vuggy porosity, and smoth to low amplitude 
stylolite. 
D) Solution enlarged, intercrystalline and vuggy porosity mostly filled by bitumen. 
E) Two sets of microfractures in bioclastic peloidal grainstone, CC1 filling inter-
granular pores and fracture, and CC2 filling 2nd generation of fracture. 
F) Pressure solution solubility contacts (stylolitic contacts) between dolomite crystals  
G) Post-date saddle dolomite cement CC3 filling fractures. 
H) Transition boundary between black dolomite (host rock) and saddle (cement).   
  
198 
 
 
 100µm  100µm 
RD1 
 1mm  1mm 
 100µm  100µm 
 100µm  250µm 
B A 
C D 
F 
H 
E 
G 
 
CC2 
CC1 
RD5 
SD1 
CC3 
SD2 
  
199 
 
 
 
10 cm 
 
5 cm 
 E  F 
 B  A 
 C  D 
 
2.5 cm 
  
200 
 
Figure 4. 7 Field photograph and polished hand specimens of different fabric characteristics 
of Qamchuqa Formation 
A- Set of semi vertical extensional open joints cross cutting horizontal meso zebra. 
B- Karstification and late calcite cementation in massive limestone during exposure.  
C- Saddle dolomite lined range of vuggy pores.  
D- Polished hand specimen sample of typical mesh-network fractured mudstone-
wackstone limestone facies.  Hairline fractures and micro to macro matrix vuggy 
pores filled with bitumen, which indicate fracture productivity of tight low to non-
porous limestone. 
E- Multiple shape and size vugs and sub-vertical channel enlargement by dessolution. 
F- Late blocky calcite cement CC4 filling vug and fractures.   
 
 
 
Figure 4. 8 Photomicrograph A and B under PLL microscope, D-F from BSE and SEM 
images of different dolomites. 
A) Calcite cement CC3 partially filling fracture enlarged by dissolution. 
B) Thin solution films of concavo-convex crystal boundaries stylolite. 
C) Panorama along porous micro-zebra. 
D) Fine zebra texture filled by bitumen and latter partially replaced by calcite cement 
CC3.  
E) Inter-crystalline pores lined with bimodal euhedral crystals size of fine RD1 to coarse 
euhedral crystals RD2. 
F) Corrosion of saddle dolomite crystals in porous zebra texture. 
G) Sharp boundary between fine crystalline RD1 and saddle dolomite SD1, showing 
some micro intercrystalline porosity. 
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Table 4.1 
Petrophysical characteristics for different dolomite and fine zebra textures  
 
Sample 
Kmax 
(Permeability) 
Porosity% Connectively 
RD1 
2.4 5.3 11 
3.1 3.9 18 
RD2 
218.2 25.7 52 
181.6 25.9 49 
98.1 29.7 63 
48.5 28.6 67 
134.8 28.2 58 
98.7 21.1 44 
164.2 11.2 49 
108.4 18.4 53 
212.6 30.2 49 
98.4 16.8 62 
RD3 
0.5 2.8 12 
1.2 N/A 11 
09 1.1 8 
RD4 
3.9 2.6 18 
5.1 1.9 12 
1.3 N/A 25 
RD5 
6.9 2.8 29 
12.4 N/A 32 
0.9 3.7 19 
SD1-Fine 
Zebra 
168.5 21.8 65 
216.4 18.2 62 
68.23 29.7 63 
121.6 31.6 51 
56.7 32.5 39 
49.8 40.1 47 
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Chapter 5    
5.1 Conclusions of research 
The aim of this study builds on to classify type and pattern of fluids which modified 
the Lower Cretaceous Qamchuqa Formation succession, and evaluate their temporal and 
spatial relationships. To achieve this goal, the following tasks were carried out: 
 Classify saddle dolomite and zebra textures from outcrop samples related to faults, 
fractures and host rock lithologies and fabrics. 
 Determine the distribution, occurrence and genesis of different types of secondary 
carbonates and associated diagenetic minerals.  
 Establish the nature and characterization of diagenetic fluids during the various stages 
of diagenesis. 
 Characterize the impact of diagenetic processes on porosity development and 
predicting the spatial and temporal distribution of diagenetic alterations related to 
fracturing events and of their impact on reservoir quality and heterogeneity. 
 Construction of conceptual model elucidating paleofluid circulation for early 
dolomitization and later dolomite alteration and cementation, illustrate fluid flow 
circulation and pathway related to depth.  
The above information was used to answer four outstanding questions concerning the 
diagenesis of the Lower Cretaceous Qamchuqa Formation succession in northern Iraq listed 
below: 
 What are the structural mechanisms and paleo-fluids and driving forces that created 
a wide range of saddle dolomite and zebra textures? 
 What is the nature of the paleo-fluid flow system(s) that led to extensive 
dolomitization and dolomite cementation, creating a wide range of recrystallization, 
zoning, and overgrowth textures, in the Lower Cretaceous Qamchuqa Formation? 
 What is caused hydrothermal fluid migration and the creation of a heat source? and 
 Which important factors controlled and improved the reservoir characteristics of the 
dolomites in the Qamchuqa Formation?  
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The arrangement of this thesis is comprising of three related papers (chapters 2‐4), and 
together they address the questions as described below. 
 
5.2 Structural (Tectonic) mechanisms, hydrothermal fluids and driving 
forces 
To explore the structural mechanisms and hydrothermal fluid flow, chapters 2 and 3 
cross cuting relationship from field observation, core description and petrographical study 
took into the consideration the relationship between tectonic and structural mechanism and 
geological fluid flow made conclusions based on the following arguments: 
  The regional exposure of alternating thick and massive dolomite and limestone along 
and extend outside the border of the study area. The dolomite unites host wide range 
saddle dolomite and zebra textures, which concentrate around and/or related fault and 
fractures suggest early strata-bound dolomitization then followed by precipitation 
different textures of saddle dolomite and zebra textures which controlled by fault and 
fracture systems.     
 Cross cutting calcite veins, saddle dolomite filling three set of shear fractures and 
brecciate dolomite, postdate saddle dolomite calcite cement and karst related 
exposure calcite cement filling fractures, and late stage semi vertical open or 
emplacement by hydrocarbon represent poly phase fracturing (linked to regional 
tectonic events at the end of Cretaceous and in Miocene to Pliocene times).   
 Fracture related saddle dolomite, boxwork dolomite, three set fracture filled or lined 
by saddle dolomite, and zebra textures crosscut by two set inclined normal faults or 
by late stage one set of semi vertical open joins indicate compressive stress create 
multiple stages of three sets of shear fractures cross cut by extensional fractures and 
create horst and graben.  
 Semi vertical and horizontal dilational of rectangle and elongated shapes of dark gray 
to black dolomite floated in saddle dolomites, this suggest vertical and horizontal 
hydrothermal fluid flow under different condition of shear stress and fracturing. 
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5.3 Nature of the paleofluid flow system(s) 
To investigate the nature of the paleofluid flow systems, chapters 2-4 took into 
consideration the shape and extent of dolomite bodies, dolomite fabric and textures 
petrography and made conclusions based on the following opinions: 
 The high homogenization temperature and greater than maximum burial depth, range 
of negative δ18O, positive Eu anomaly presented in different location by other studied 
support the regional strata-bound dolomitization of pervasive dolomites at shallow 
burial followed by fault and fracture control saddle dolomite precipitation suggest 
fluid flow from the deep faults moving vertically upward and laterally via porous 
permeable and fractures pervasive dolomite layers.  
 Hydrothermal fluid flows and their alterations were associated with regional orogenic 
events driving deep fault reactivation during the Late Cretaceous, related to 
culmination of Taconic orogeny, when the host limestone was buried to a depth of 
less than 1000 m. 
 Wide range texture and patterns and extent of dolomitization represent by 
recrystallization, multiple zoning, overgrowth. These dolomites display the same 
range of O and C isotope and 87Sr/86Sr ration, comparable elemental concentrations, 
and non-stoichiometric high Ca/Mg ratio indicate same genetic relationship but 
paleo-hydrologic flow system of dolomitization took place under different diagenetic 
setting and time frame. 
 Fracture-related coarse-crystalline calcite cement rich hydrocarbon inclusion with 
high Th of primary double phase fluid inclusions implies precipitation of this calcite 
cement during late stage saddle dolomite by hydrothermal fluids bearing 
hydrocarbon. 
 Karst related fracture filling late equant calcite cement with low salinity and 
homogenization temperatures indicates precipitation of this calcite cement during 
uplift and exposure stage which was influence by meteoric fluids. 
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5.4 Paleofluid flow source of heat and diagenetic system  
Diagenetic mineral has high salinity and homogenization of fluid inclusion, negative 
δ18O values, positive Eu anomaly represent hydrothermal alteration of carbonate rocks. 
Chapters 2-3 took into consideration the fluid inclusion data and paleotemperature estimates 
for diagenetic minerals to investigate source of palohygrologic. 
 The measured homogenization temperatures from fluid inclusions of dolomites and 
postdate saddle dolomite calcite cement are significantly higher than expected 
geothermal gradient temperatures of maximum depth at the time of dolomitization 
was less than 1000m, suggesting structurally controlled hydrothermal fluid flow 
events in Late Cretaceous time created suitable conditions for episodic, fault-
controlled upward flow of  saline and high temperature and saline fluids along deep 
high-angle fault into mix with connate-water and interact with shallowly buried 
Lower Cretaceous limestones. 
 Overlap and comparable range of δ18O, δ13C values of pervasive and saddle 
dolomites, δ13C values are in the same range of coeval marine calcite, negative 
oxygen isotopes, high salinity and homogenizations temperatures indicate that the 
sea water signature hydrothermal fluid flow responsible for dolomitization and 
precipitated of saddle dolomite and zebra textures, hydrothermal fluids through deep 
faults migrated upward and cooled in the shallow depth. 
 The low REE distribution patterns and LREE enrichment, positive Eu anomaly of 
pervasive and saddle dolomites reflect the original composition altered by 
hydrothermal fluid. Slightly rich of ΣREE of pervasive dolomite and small change of 
REE pattern of pervasive dolomites can be related to insufficient hydrothermal fluid 
and slow dolomitization.  
 Overgrowth outer-rim rich hydrocarbon inclusions of black dolomite and fracture-
filling postdate saddle dolomite rich hydrocarbon inclusion are from hydrothermal 
hydrocarbon-bearing fluids, inclusion data indicate maturation during late stage 
dolomitization and oil migrating postdate saddle dolomite precipitation and zebra 
texture creation.  
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5.5 Factors controlled and improved the reservoir characteristics 
The field observation and petrographic attributes combine with the other geological evidence 
to support the interpretation pore system development during dolomitization stages and later 
implications by saddle dolomite precipitation and zebra textures forms to valuate amount of 
porosity increase.  Chapter 2 and 4 took into consideration dolomitization   
 Both host and cement dolomite fabrics are variability affected by dissolution, 
indicating that their pore geometry have been altered by early marine, hot and brine 
fluid during hydrothermal fluxes and meteoric water. These fluids have a major 
influence to modified the original pore system to the excellent reservoir characteristic 
intervals 
 The saddle dolomites are less uniform porosity, more porous toward or close to fault 
and fracture zone. The porous zebra sheet, vuggy porosity and enlarged fracture have 
good porosity correlation laterally less or poorly porous saddle dolomite, enlarged 
fracuer and vuggy poresvaway for fault and fracture zones.  
 The most effective porosity in dolomites are secondary in origin and show 
heterogeneous distribution including intercrystalline and vuggy pores, and 
significantly improved by fracturing, dissolution, and dolomite recrystallization. 
Otherwise, low-porosity limestone, dedolomitized or calcite-plugged intervals, show 
lower porosity and permeability. Porosity and permeability distribution in early-
lithified low porosity limestone precursore were mostly destroyed by early calcite 
cementation  
 Early calcite cements, mechanical compaction and chernical compaction destroyed 
most of the primary interparticle, intraparticle and fenestral porosity. Secondary 
porosity provides the principal reservoir porosity. 
 Migration of hydrocarbons occurred concurrently with, or shortly after, the 
precipitation of saddle dolomite. The hydrocarbon-rich out rim inclusions of black 
dolomite which postdates saddle dolomite calcite cement and are rich hydrocarbon 
fluid inclusions, may indicate the timing of hydrocarbon maturation and migration.  
 Number of  evedince indicate that the economic oil bearing linked with the intervals 
that affeted by stracturally controlled hydrothemal fluid flows. These inmtervals 
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reveal; oil sepage from outcrop, bitumoine filling vug and fracture, oil shows and 
totally loss of mud during drilling operatiion. Therefor regional conceptual fluid flow 
model and profile related to the major and minor thrust faults provide the significant 
clue to the spacial and temporal oil emplacement and plan for the future oil 
exploration.  
5.6 Recommendation for future studies 
According to the results of this research I suggests the following for the future research: 
 The strata bound dolomitization and focused hydrothermal model proposed in this 
study could be applied to other areas of the ZFTB basin and elsewher. further testing 
in the ZFTB Basin and other similar foreland basins around the world. 
 Utilizing remote sensing and radar imagery together with geological information for 
mapping and analysis of more major structures in the High Folded Zone with cross-
section can provide information about the location and extension of hydrothermal 
dolomite bodies. 
 Since the Lower Cretaceous Qamchuqa Formation- northern Iraq is a part of ZFTB 
basin, comprehensive diagenetic studies on equivalent strata in the High Folded Zone 
along ZFTB basin could determine the physicochemical conditions of the diagenetic 
systems in each basin and their possible hydrological connection  
 Further research in ZFTB basin in combination with previous studies on the 
Creatceous succession should focus on relating the distribution hydrothermal 
alteration dolomites that linking fluid flux history to predict hydrocarbon productive 
area fo the future drilling plane. 
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Appendix 1 
Stable and radiogenic isotopic composition of selected samples of replacive and cement 
dolomites, calcite cements and limestones of the lower Cretaceous Qamchuqa Formation. 
 
Sample ID Type δ13CVPDB δ18OVPDB 87Sr/86Sr 
13-2-1B RD1 1.75 -7.45 0.707833 
B7-70.9   2.38 -8.82  
13-2-1C   0.47 -9.18  
9-1-1-A   2.22 -7.51   
13-5-3A   1.986 -6.808  
13-5-2A   2.01 -8.87   
BH2-9.9B RD2 2.63 -9.74  
BH2-101A   1.79 -10.76  
5-2-1B   2.1 -10.04  
1-10-4.   1.92 -8.19  
1-10-3.   3.22 -9.05  
16-2-2-B   2.15 -9.14  
13P3-C   1.59 -7.54  
14-1-2-B   2.77 -9.13  
14-1-2-D   2.52 -9.53  
1-7-6.   3.39 -8.84  
12-9-1B   3.13 -10.28  
9-6-1B   2.22 -9.135  
12-9-1B   3.13 -10.28  
5-2-1A   2.20 -10.22  
BH2-9.9A   2.56 -9.58 0.707839 
5-4-2A   2.54 -7.742  
9-1-1-B   1.52 -10.13   
1-10-2. RD3 3.57 -9.7  
S12-1C-D   3.32 -9.22  
13-P3-C   1.63 -8.18  
1-10-2A   3.34 -9.67 0.707702 
1-1-A   2.7 -7.83  
5-2-2-B   1.74 -10.32 0.707769 
10-3-2A   2.524 -7.041  
1-10-2   3.57 -9.70  
B7-70.9   2.38 -8.82  
B7-82.4   2.46 -8.91  
2-4-1.   3.04 -8.24   
9-6-1. RD4 2.24 -8.94  
9-6-1.   0.39 -4.71 0.707789 
12-2-1A   3.19 -9.56  
BH7-21.7A   2.26 -8.47  
12-2-1A  3.19 -9.56  
12-10-1.   2.87 -10.43 0.707781 
1-10-5-B RD5 2.73 -10.36  
18-5-1-B   2.67 -10.53 0.707762 
14-1-2-A   2.53 -8.64  
16-2-1-B   1.49 -9.54  
1-11-5-C   2.43 -10.14  
1-11-5D   2.08 -10.52  
9-2-1-B  1.57 -10.36  
BH2-8.9B  2.63 -9.74  
18-6A  2.68 -8.86  
18-6-1A   2.91 -9.18   
16-2-2-A RD6 1.85 -9.79  
7-2-1C   0.38 -5.27   
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Sample ID Type δ13CVPDB δ18OVPDB 87Sr/86Sr 
B2-101B SD1 1.66 -11.04  
17-2MC   1.05 -10.98  
9-2-1A   1.37 -10.62  
1-10-5-A   2.61 -10.00  
13-6-2-B   1.70 -9.25  
13-2-1A   0.32 -8.28 0.708024 
13P3   1.09 -8.33  
13-P3-B   -0.12 -8.97  
13-5-2B   1.18 -8.96  
12-9-1A   2.90 -9.10  
13-5-3B   1.90 -7.55  
13-5-2B   1.18 -8.97  
12-9-1A   2.90 -9.10  
14-1-2C   2.40 -8.92  
1-8-3-2A   1.19 -9.01  
1-5-1A   1.68 -9.93  
5-2-1A SD2 2.20 -10.22  
BH2-8.9A   2.56 -9.58  
16-2-2-C   1.81 -9.55  
18-5-1.   2.65 -10.85  
18-5-1A   2.58 -10.96 0.707795 
16-2-1-A   1.64 -9.95  
1-1-B   0.02 -10.75 0.707783 
BH7-21.7B   1.00 -8.05  
4-3   1.20 -8.77  
1-5-1B   1.96 -10.55  
12-1-CA   2.74 -9.46 0.707819 
5-4-2B   1.74 -10.15  
1-10-5   -0.98 -7.91  
13-5-2A   2.01 -8.87  
10-3-2B   2.23 -9.08  
1-5-1A   1.68 -9.93  
5-2-1B   2.10 -10.04  
1-11-5-B   2.03 -9.20   
10-1-2. SD3 1.19 -9.68  
12-1-C-B   2.59 -10.70 0.707759 
S12-1-CC   3.07 -9.64 0.707793 
12-CC-A   3.11 -9.79  
12-CC-B   2.48 -10.13  
7-4-2.   1.58 -9.23  
5-2-2-A   1.56 -9.54  
12-MC-A   1.83 -10.33  
12-CC-C   2.76 -9.11  
12-MC-B   -3.45 -12.87   
13-2-1. CC2 0.47 -7.21  
13-P1-A   0.38 -8.40 0.707999 
1-7-5V   -2.67 -9.78  
1-8-2B   1.79 -7.41  
1-8-2.   1.43 -4.30  
7-2-1-A   0.39 -3.62  
10-8-1   1.51 -5.38  
1-8-2B   1.79 -7.41  
7-1-3A   -0.96 -4.71  
17-2M-B   -6.37 -7.00   
13-6-1-A CC3 0.14 -9.26  
1-7-5-5   -3.31 -12.37 0.707808 
13-2-1.   0.51 -7.79  
9-2-1A   0.09 -8.77  
1-7-5-C   0.32 -9.75   
13-1. CC4 1.76 -7.46  
12-CC-D   -1.01 -11.53  
12-MC-D   -7.45 -13.48  
12-MC-C   0.87 -8.56  
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Sample ID Type δ13CVPDB δ18OVPDB 87Sr/86Sr 
13-P3-A  CC4 0.3 -7.78  
1-7-5-5   1.29 -4.39 0.708066 
1-10-5.   -0.98 -7.91  
12-MC-E   -1.18 -12.11 0.707755 
13-1.   1.53 -6.42  
7-2-1C   0.42 -3.80  
12-2-1B   -1.64 -13.32  
12-MC-F   -5.81 -12.81 0.707784 
9-2-1-A   -0.74 -9.02  
18-5-1C   -3.4 -6.46 0.708198 
7-2-1-B Lst 0.37 -3.15  
18-10-1.   3.23 -4.33 0.707428 
1-8-3-2B   0.71 -5.99  
17-2M-A   1.08 -4.48  
10-4-2   1.28 -6.54  
1-8-3-2   0.561 -6.45  
1-8-4.   2.14 -4.34  
1-8-2-B   1.5 -6.93  
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Appendix 2 
Microthermometric data from primary fluid inclusions of different dolomite and calcite 
cements of the lower Cretaceous Qamchuqa Formation. 
Type Final melt Th Salinity 
RD2 -22.7 97.3 24.1 
 -20.7 68.3 22.8 
 -23.1 95.7 24.4 
 -18.8 97.3 21.5 
 -17.9 105.2 20.9 
 -18.6 123.1 21.4 
 -19.9 116 22.3 
 -18.8 98.1 21.5 
 -19.6 88 22.1 
 -19.3 103.8 21.9 
 -17.6 105.3 20.7 
 -19.8 111.2 22.2 
 -18.9 98.8 21.6 
 -19.8 111.5 22.2 
 -24.6 108.5 25.3 
 -24.2 97.6 25.1 
 -18.7 109.7 21.5 
 -23.7 98.6 24.8 
 -21.8 98.9 23.6 
 -17.2 97.5 20.4 
 -20.2 103 22.5 
 -23.4 84.8 24.6 
 -23.5 90.2 24.6 
  82.7 22.1 
 -18.3 94.7 21.2 
 -21.7 71 23.5 
 -15.7 110 19.2 
 -19.8 103 22.2 
RD3 -81 81 150.2 
 -87 137 187.1 
  89.2  
 -18.7 98.4 21.5 
 -22.2 127.3 23.8 
 -20.8 97.8 22.9 
 -21.8 105.6 23.6 
 -18.7 96.8 21.5 
 -21.1 94.3 23.1 
 -21.5 101.2 23.4 
 -20.7 92.1 22.8 
 -18.1 90.3 21.0 
 -21.1 97.3 23.1 
 -17 96.3 20.2 
 -19.1 86.9 21.8 
 -18.1 89.2 21.0 
 -18.6 91.3 21.4 
 -18.3 93.3 21.2 
 -17.9 93.8 20.9 
 -18.5 93.1 21.3 
 -22.1 105.7 23.8 
 -20.4 118.3 22.6 
 -17.8 123.7 20.8 
 -16.9 97.2 20.1 
 -17.2 94.6 20.4 
 -18.9 122.4 21.6 
 -18.7 89.2 21.5 
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Type Final melt Th Salinity 
RD3 -15.1 87.3 18.7 
 -18.6 98.2 21.4 
 -21.3 74.6 23.2 
 -21.6 78.4 23.4 
 -21.2 93.5 23.2 
 -20.5 103.1 22.7 
 -20.5 110.3 22.7 
 -21.7 113.4 23.5 
 -21.5 90.3 23.4 
 -21.6 99.4 23.4 
 -20.3 116.7 22.6 
 -18.7 120.1 21.5 
 -18.4 123.5 21.3 
 -20.9 89.3 23.0 
 -20.7 93.2 22.8 
 -20.6 90.3 22.8 
 -17.2 94.7 20.4 
 -22.4 113.8 24.0 
 -21.6 96.6 23.4 
 -22.7 149.7 24.1 
 -21.3 96.3 23.2 
 -20.6 89.4 22.8 
 -21.6 96.4 23.4 
 -21.8 91.3 23.6 
 -19.1 95.6 21.8 
RD4 -18.6 93.5 21.4 
 -18.6 93.1 21.4 
 -10.4 91.3 14.4 
 -15.4 106.1 19.0 
 -22.1 94.9 23.8 
 -21.7 96.7 23.5 
 -18.3 84.7 21.2 
 -15.7 71.3 19.2 
 -16.8 92.1 20.1 
 -23.1 103.2 24.4 
 -20.7 121.3 22.8 
 -22.1 87.9 23.8 
 -20.7 79.2 22.8 
 -17.8 98.3 20.8 
 -17.2 103.5 20.4 
 -23.1 101.3 24.4 
 -20.8 93.7 22.9 
 -22.7 85.4 24.1 
 -14.6 83.7 18.3 
 -21.8 101.2 23.6 
RD5 -17.8 206.7 20.8 
 -13.8 220.6 17.6 
 -15.8 98.3 19.3 
 -22.4 102.7 24.0 
 -22.3 106.7 23.9 
 -12.8 202.2 16.7 
 -20.7 162.1 22.8 
 -19.2 185.2 21.8 
 -18.3 153 21.2 
 -18.4 210 21.3 
 -21.5 204 23.4 
 -20.8 228.3 22.9 
 -18.8 225 21.5 
 -17.2 217 20.4 
 -17.9 218.9 20.9 
 -24.7 228.3 25.4 
 -18.7 91.4 21.5 
 -17.3 140 20.4 
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Type Final melt Th Salinity 
RD5 -18.9 118 21.6 
 -22.1 118 23.8 
 -23.5 118 24.6 
 -18.4 110 21.3 
 -22.4 133 24.0 
 -21.9 111 23.6 
 -22.8 117 24.2 
 -13.8 220.6 17.6 
 -17.7 203.7 20.7 
 -15.8 98.3 19.3 
 -22.4 102.7 24.0 
 -22.3 106.7 23.9 
SD1 -16.5 93 19.8 
 -19.1 95.3 21.8 
 -11.8 96.3 15.8 
 -18.1 87.1 21.0 
 -32.6 97.2 30.4 
 -19.1 95.5 21.8 
 -11.8 96.3 15.8 
 -18.1 87.3 21.0 
 -28.9 183.2 28.0 
 -20.7 92.6 22.8 
 -26.3 101.8 26.4 
 -20.3 110.3 22.6 
 -16.9 84.3 20.1 
 -21.9 124.2 23.6 
 -20.4 90.1 22.6 
 -20.2 93.1 22.5 
 -20.2 96.3 22.5 
 -19.7 118.7 22.2 
 -18.9 87.3 21.6 
 -18.4 96.9 21.3 
 -24.1 101.8 25.0 
 -24.7 138.5 25.4 
 -21.7 88.2 23.5 
 -25.4 113.6 25.8 
 -24.3 115.8 25.1 
 -22.7 95.3 24.1 
 -22.5 98.7 24.0 
 -23.1 107.4 24.4 
 -13.7 118.7 17.5 
 -15.4 108.9 19.0 
 -22.3 108.9 23.9 
 -21.2 112.5 23.2 
 -19.7 120.5 22.2 
 -20.7 87.5 22.8 
 -19.6 95.4 22.1 
 -22.1 108 23.8 
 -20.9 109.6 23.0 
 -23.2 106.7 24.5 
 -22.2 106.5 23.8 
 -23.7 103.7 24.8 
 -21.6 89.4 23.4 
 -23.7 98.6 24.8 
 -22.8 106.7 24.2 
 -22.8 106.7 24.2 
 -23.4 104.7 24.6 
 -22.3 106.3 23.9 
 -23.7 102.2 24.8 
 -24.9 130.6 25.5 
 -24.1 98.7 25.0 
 -23.7 98.7 24.8 
 -19.2 105.5 21.8 
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Type Final melt Th Salinity 
SD1 -23.9 105.3 24.9 
 -23.2 106.9 24.5 
 -20.7 112.7 22.8 
 -11.2 98 15.2 
 -12.7 109 16.6 
 -16.8 96 20.1 
 -15.9 99.3 19.4 
 -20.9 86 23.0 
 -21.3 97.4 23.2 
 -22.5 82 24.0 
 -18.1 88.2 21.0 
 -24.1 90.1 25.0 
 -24.1 101.3 25.0 
 -20.9 93.7 23.0 
 -24.6 94.8 25.3 
 -22.4 128.1 24.0 
 -22.3 124.3 23.9 
 -22.3 103.9 23.9 
 -23.1 105.8 24.4 
 -22.9 129.7 24.3 
 -21.2 124.1 23.2 
 -21.9 103.1 23.6 
 -19.4 183.4 22.0 
 -19.1 188.2 21.8 
 -25.3 99.7 25.8 
 -18.9 91.8 21.6 
 -19.2 92.1 21.8 
 -18.6 92.1 21.4 
 -19.7 92.4 22.2 
 -21.3 92.7 23.2 
 -18.9 97.5 21.6 
 -23.2 96.3 24.5 
 -19.4 99.2 22.0 
 -19.4 183.4 22.0 
 -19.1 188.2 21.8 
 -25.3 99.7 25.8 
SD2 -20 128 22.4 
 -15.6 92 19.1 
 -16 88 19.4 
 -17.3 99.3 20.4 
 -21.3 100.1 23.2 
 -19.7 122.9 22.2 
 -19.3 191.1 21.9 
 -17.7 119 20.7 
 -16.9 128 20.1 
 -13.9 104.3 17.7 
 -15.9 95 19.4 
 -18.7 109.6 21.5 
 -19.4 108.1 22.0 
 -19.9 98.7 22.3 
 -22.5 82.3 24.0 
 -19.6 98.7 22.1 
 -16.1 132.4 19.5 
 -19.3 124 21.9 
 -17.8 138 20.8 
 -17.3 115.7 20.4 
 -20.1 117.3 22.4 
 -21.7 123.1 23.5 
 -18.6 117.3 21.4 
 -19.3 135.6 21.9 
 -17.6 109.8 20.7 
 -16.3 103.6 19.7 
 -21.4 114.7 23.3 
  
216 
 
Type Final melt Th Salinity 
SD2 -17.6 106.3 20.7 
 -19.6 82.7 22.1 
 -18.9 114.7 21.6 
 -20.7 107 22.8 
 -21.3 105 23.2 
 -22.1 108 23.8 
 -19.4 116 22.0 
 -20.3 121 22.6 
 -15.2 101.7 18.8 
 -22.7 93.3 24.1 
 -22.7 92.2 24.1 
 -21.9 97.3 23.6 
 -22.7 101.2 24.1 
SD3 -20.6 119.7 22.8 
 -20.1 134.2 22.4 
 -16.9 92.7 20.1 
 -21.2 92.7 23.2 
 -21.4 95.7 23.3 
 -21.7 118.6 23.5 
 -22.7 105.8 24.1 
 -17.9 84.3 20.9 
 -21.1 101.2 23.1 
 -20.2 98.7 22.5 
 -17.3 103.7 20.4 
 -16.9 103.5 20.1 
 -18.9 119.7 21.6 
 -19.7 121.5 22.2 
 -18.9 94.7 21.6 
 -18.3 96.8 21.2 
 -22.7 180.5 24.1 
 -22.8 114.7 24.2 
 -21.8 113.5 23.6 
 -22.9 117.2 24.3 
 -19.9 115.4 22.3 
 -19.8 111.6 22.2 
 -18.9 90.8 21.6 
 -21.1 97.3 23.1 
 -22.6 124.1 24.1 
 -19.7 108.7 22.2 
 -16.9 92.7 20.1 
 -21.2 92.7 23.2 
 -21.4 95.7 23.3 
 -21.7 118.6 23.5 
CC2 -16.3 79.3 19.7 
 -14.7 52.6 18.4 
 -15.9 74.3 19.4 
 -16.2 58.7 19.6 
 -16 82.4 19.4 
 -15.8 80.3 19.3 
 -13.7 79.7 17.5 
 -12.5 70.9 16.4 
 -15.3 61.2 18.9 
 -16.8 69.3 20.1 
CC3 -13.1 90.3 17.0 
 -12.9 118.2 16.8 
 -13.2 90.3 17.1 
 -14.1 92.4 17.9 
 -13.7 73.2 17.5 
 -14.3 80.1 18.0 
 -18.2 83.1 21.1 
 -12.1 88.5 16.1 
 -11.9 103.2 15.9 
 -12.1 96.1 16.1 
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Type Final melt Th Salinity 
CC3 -11.5 93.7 15.5 
 -2.7 94 4.5 
 -9 114 12.8 
 -11 116 15.0 
 -13 116 16.9 
 -24.6 185.8 25.3 
 -23.9 194.3 24.9 
 -19.3 157.5 21.9 
 -21.4 162.2 23.3 
 -23.8 132.5 24.8 
 -21.2 127.9 23.2 
 -24.1 141.2 25.0 
 -22.3 186.2 23.9 
 -21.9 121.5 23.6 
 -22.7 124.6 24.1 
 -13.2 140.3 17.1 
 -23.9 133.2 24.9 
 -12.8 95.6 16.7  
-22.6 114.3 24.1  
-14.9 145.1 18.6  
-14.5 144.9 18.2  
-22.2 150.3 23.8  
-21.7 148.7 23.5  
-23.2 102.1 24.5 
CC4 -5.2 85.2 8.1  
-5.6 86.7 8.7  
-5.7 94.4 8.8  
-5.6 79.2 8.7  
-5.3 78.3 8.3  
-5.8 82.3 8.9  
-5.2 99.1 8.1  
-9.7 74.8 13.6  
-9.4 74.6 13.3 
 
-6.3 69.8 9.6  
-5.7 80.9 8.8  
-5.4 86.3 8.4 
 
-4.9 89.4 7.7  
-5.5 94.8 8.5  
-3.4 69.8 5.6  
0.4 86.7 0.0  
-11.4 98.7 15.4  
-10.7 102.4 14.7  
-9.5 94.7 13.4  
-8.6 103.7 12.4  
-9.2 109.2 13.1 
 
-9.6 107.4 13.5  
-3.4 84.2 5.6  
-4.7 91.3 7.4  
-7.6 76.8 11.2  
-8.2 87.8 11.9  
-6.3 87.4 9.6  
-7.8 72.8 11.5  
6.3 98.7 0.0  
-10.3 97.5 14.3  
-9.8 97.8 13.7  
-12.7 99.6 16.6  
-13.3 107.8 17.2  
-13.9 105.7 17.7  
-14.2 106.7 18.0  
-13.7 104.2 17.5  
-12.9 105.1 16.8  
-13.7 104.3 17.5  
-12.1 105.7 16.1 
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Type Final melt Th Salinity 
CC4 -11.9 98.3 15.9  
1.2 58.7 0.0  
3.2 82.4 0.0  
4.8 80.3 0.0  
3.2 79.7 0.0  
4.1 70.9 0.0  
4.7 61.2 0.0  
4 69.3 0.0  
-0.7 67.3 1.2  
3.1 90.3 0.0  
2.9 118.2 0.0  
3.2 90.3 0.0 
 
4.1 92.4 0.0  
3.7 73.2 0.0  
4.3 80.1 0.0  
-1.2 83.1 2.1  
-2.1 88.5 3.5  
1.9 83.2 0.0  
2.1 96.1 0.0  
-1.5 93.7 2.6 
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Appendix 3 
Summarize description field observation, core description, and petrographic study of dolomite and calcite generations from the earliest 
to the latest.    
Lithology Type Petrographic description Crystal habitus Zonation and CL Outcrop and core description 
Replacive 
dolomite 
RD1 Fine crystalline, planar-
subhedral to non-planer 
anhedral 
less than 20μm to ≥50μm 
gray to dark gray to brown 
rich micro-inclusions 
Unzoned 
Non- Dull luminescent 
color 
Dark gray to blackish gray rich in organic matter Matrix 
replacement of mud-dominated facies, seldome contain 
allochem. Hosts the molted fine zebra texture. 
RD2 Medium to coarse 
crystalline, Planar-e-s 
(euhedral to subhedral) 
inclusion-rich. 
Usually 100-250 μm and 
occasionally reaching >350 
μm. 
Unzoned to Zoned 
Dull luminescent color 
Clean outercore/rich 
inner core inclusions. 
High with various intercrystalline, vuggy macropores (up 
to 35%), intercrystalline porosity filled by bitumen. 
RD3 Coarse to very coarse 
crystalline zoned 
Nonplanar-a (anhedral) 
gray dolomite  
(>150μm up to 1600 μm) 
Anhedral, with fitted irregular 
intercrystalline boundaries.  
inclusion-rich cores and clear, 
inclusion-poor rims 
Nil to Non-
luminescence 
Tight crystal mosaic texture with low intercrystalline 
porosity scattered inter-crystalline porosity 
RD4 Medium to coarse-
crystalline – e( euhedral)  
gray dolomite 
polymodal size distribution 
crystals   
Multiple zone 
recrystallization, with 
widespread cloudy core (100 – 
>500 µm).  Concentric Zoning 
rich/poor inclusion 
Concentric Zoning  
 
Dark gray non porous to very low porosity, massive and 
higly fractured and cut by more than one set open joints  
RD5 Medium to coarse zoned 
crystalline subhedral to 
anhedral (brown) black 
dolomite  
Medium to coarse crystalline 
(75 - > 250 µm). Mostly 
consist of coarse rich 
inclusions rhombic gray inner 
core and fine brown to reddish 
brown rich hydrocarbon 
inclusions  
Red CL outer rim and 
non CL inner core 
Predominantly observed as horizontal and vertical 
delitional heptagonal clasts floated in saddle dolomite 
SD2 and SD3, the horizontal dilation has a stratabound 
shap, whereas vertical associated with en-echilon folded 
zone. 
RD6 Fine to medium crystalline 
euhedral planar dolomite. 
Selective dolomitization & 
associated with stylolite. 
Euhedral rhombic medium to 
coarse crystalline 
Single to multi zoning 
of alternating with 
luminescent inner core 
and red dull rim 
(Often zoned) occur as single or aggregate crystals spread 
in the mudstone-wackstone facies and along stylolites 
present Selective dolomitization. 
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Saddle 
dolomite 
SD1 Fine crystalline saddle 
dolomite  (<500µm) 
widespread cloudy core- clear 
rim texture 
Single to multi thin 
clean fluid inclusion 
red CL  
Milky fine crystalline, less observed alternating with gray 
or black dolomite creating fine zebra or filling vug and 
fractures. 
SD2 Medium crystalline saddle 
dolomuite  
undulatory extinction 
(>500µm – 2mm) 
 Main type creating 75% of fine and zebra textures and 
observed lining or filling vug and fractures. 
SD3 Coarse crystalline saddle 
dolomite  
coarse-to giant-sized( >2mm) Dull to non CL Associate and filling collapse, brecciate zone and pipes 
parallel to beds or perpendiculars to the bedding,   
Calcite 
cement 
CC1 Equent cement filling 
interpartical & moldic pore 
(Early). 
 Non-luminescence Equent cement filling interpartical & moldic pore (Early). 
CC2 Spary calcite filling 
fractures and vuggy molds 
clear and medium-to coarse-
sized crystals 
Dull to bright red- 
orangish red color 
Spary calcite filling fractures and vuggy molds 
CC3 Blocky calcite partially 
filling karstification 
 Zoned orange to bright 
red 
Equent cement filling fractures and vuggs after saddle 
dollomite 
CC4 Equent cement filling 
fractures and vuggs after 
saddle dolomite 
Acicular fibrous and 
marine phreatic 
environment (Late) 
distributed in paleokarsts, 
mega zebra as assemblages 
with sizes might >5 cm 
Zoned orange to bright 
red 
Blocky calcite partially filling karstification 
Acicular fibrous and marine phreatic environment (Late) 
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Appendix 4 
Major, minor and trace element composition of the different calcite and dolomite phases. It is included the calculated MnO, FeO, MgO, 
Al2O3 and SiO2 wt%. 
Sample ID Li Mg Al Si Ca Mn Fe Zn Rb Sr Ba Pb U 
MnO 
wt% 
FeO 
wt% 
MgO 
wt% 
Al2 O3 
wt% 
SiO2 
wt% 
S9-1-1A 
R
D
1
 
< DL 93,701.2 237.38 156.09 240,237.6 29.13 129.5 < DL 0.33 26.99 1 0.2 1.43 0.0023 5.6511 0.0125 0.007 5.651 
BH7-70.9 0.08 97,677.9 136.03 75.99 224,431.1 32.63 186.51 < DL 0.15 24.44 0.63 0.11 4.41 0.0025 5.8910 0.0072 0.004 5.891 
S13-2-1B 0.23 74,461.6 370.84 196.07 225,388.5 37.28 728.04 11.04 0.57 27.94 2.2 11.59 0.71 0.0029 4.4908 0.0196 0.009 4.491 
S13-5-2A 0.53 66,884.5 907.22 509.69 205,525.4 50.82 380.54 11.28 2.09 38.95 3.13 1.95 2.48 0.0039 4.0338 0.0480 0.024 4.034 
S1-9-6 
R
D
2
 
< DL 136,645 104 < DL 247,857.0 42.1 < DL < DL < DL 27.2 0.441 0.103 2.12 0.0033 8.2411 0.0055  8.241 
S1-10-3A < DL 141,290 114 < DL 259,116.0 53.6 < DL < DL < DL 44.3 3.17 0.152 2.22 0.0042 8.5212 0.0061  8.521 
S1-10-4A < DL 126,319 112 < DL 233,328.0 35.9 < DL < DL < DL 30.5 0.858 0.096 1.75 0.0028 7.6183 0.0059  7.618 
S5-2-1B 0.201 118,747 688 899 230,833.0 53.8 114 < DL 0.559 35.1 1.31 0.372 1.97 0.0042 7.1616 0.0364 0.042 7.162 
S9-1-1B < DL 89,434.6 124.97 < DL 223,756.5 21.79 112.44 2.23 0.06 28.06 0.86 0.33 1.97 0.0017 5.3938 0.0066  5.394 
BH2-9.95A < DL 93,900.5 79.03 < DL 226,242.8 16.42 90.64 < DL 0.05 27.01 0.89 0.05 4.3 0.0013 5.6631 0.0042  5.663 
BH2-101.6A < DL 71,391.5 76.16 < DL 225,743.2 35.74 < DL 4 < DL 64.38 0.37 0.16 0.1 0.0028 4.3056 0.0040  4.306 
BH2-9.9B 
R
D
3
 
< DL 129,033 109 < DL 212,704.0 34.3 < DL < DL < DL 20.9 0.624 0.122 1.48 0.0027 7.7820 0.0058  7.782 
S14-1-2D < DL 142,417 118 < DL 251,965.0 41.7 < DL 3.1 < DL 27.6 0.689 0.122 1.97 0.0032 8.5891 0.0062  8.589 
S1-1-A 0.096 127,548 155 < DL 240,990.0 54.3 < DL < DL 0.114 35.4 1.29 0.197 1.02 0.0042 7.6924 0.0082  7.692 
S1-10-2A 0.268 137,564 704 627 260,963.0 56.4 111 < DL 0.557 51.7 1.12 0.237 2.6 0.0044 8.2965 0.0373 0.029 8.296 
S2-4-1 0.38 97,504.7 363.46 117.34 230,495.5 28.7 373.66 < DL 0.49 33.41 0.7 0.16 3.23 0.0022 5.8805 0.0193 0.006 5.880 
S10-3-2 0.28 107,512.5 395.45 169.75 219,170.1 40.95 294.68 3.36 0.73 29.57 10.59 0.92 1.3 0.0032 6.4841 0.0209 0.008 6.484 
S5-2-2B 
R
D
4
 
0.388 127,856 908 1,116 239,108.0 33.8 347 < DL 0.779 43 1.5 0.294 1.76 0.0026 7.7110 0.0481 0.052 7.711 
BH7-82.4 < DL 88,951.42 333.15 147.01 221,037.3 26.04 459.99 < DL 0.29 19.94 1.29 0.61 0.82 0.0020 5.3647 0.0176 0.007 5.365 
S12-1C-D 0.1 88,659.13 120.01 51.1 234,701.0 32.17 182.28 < DL 0.09 46.01 0.68 0.19 1.12 0.0025 5.3470 0.0063 0.002 5.347 
S9-6-1 < DL 101,198.3 80.1 68.47 232,578.5 26.97 119.3 < DL 0.07 31.36 8.94 < DL 2.58 0.0021 6.1033 0.0042 0.003 6.103 
BH7-21.7A < DL 94,679.82 230.81 123.88 227,760.4 21.71 92.74 < DL 0.36 48.01 0.54 0.12 0.41 0.0017 5.7101 0.0122 0.006 5.710 
S12-10-1D 0.69 76,368.84 954.56 291.18 233,035.7 28.73 854.98 2.32 1.67 48.92 3.03 0.72 0.52 0.0022 4.6058 0.0505 0.014 4.606 
S12-11-1 < DL 68,665.45 297.23 191.51 234,051.4 44.91 570.89 < DL 0.41 61.93 6.66 1.69 0.48 0.0035 4.1412 0.0157 0.009 4.141 
S12-2-1A 
R
D
5
 
< DL 140,618 73.7 < DL 236,258.0 37.2 < DL < DL < DL 36.5 0.581 < DL 2.42 0.0029 8.4807 0.0039  8.481 
S1-10-5B < DL 130,532 95 < DL 240,362.0 30.4 95.2 < DL < DL 36.8 0.698 0.077 2.39 0.0024 7.8724 0.0050  7.872 
S1-11-5C < DL 139,449 164 < DL 264,284.0 34.4 198 < DL 0.154 39.2 2.16 0.282 2.78 0.0027 8.4102 0.0087  8.410 
S14-1-2A < DL 84,832.50 83.87 280.11 231,289.7 35.18 263.96 1.96 0.08 46.8 0.69 0.08 2.99 0.0027 5.1162 0.0044 0.013 5.116 
BH2-9.95B < DL 95,302.04 79.2 < DL 231,358.9 26.92 34.71 < DL < DL 24 0.9 0.15 3.98 0.0021 5.7477 0.0042  5.748 
S16-2-1B < DL 72,348.73 76.45 < DL 238,518.2 48.53 51.6 3.63 0.07 34.25 1.63 0.19 1.45 0.0038 4.3634 0.0041  4.363 
S18-5-1B < DL 66,089.86 40.29 < DL 222,445.1 23.44 < DL < DL < DL 29.79 0.45 0.21 1.81 0.0018 3.9859 0.0021  3.986 
S18-6A < DL 88,944.67 94.85 < DL 223,848.1 38.55 199.46 1.63 0.18 28.64 0.73 0.06 1.42 0.0030 5.3643 0.0050  5.364 
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Sample ID Li Mg Al Si Ca Mn Fe Zn Rb Sr Ba Pb U 
MnO 
wt% 
FeO 
wt% 
MgO 
wt% 
Al2 O3 
wt% 
SiO2 
wt% 
S1-5-1A 
S
D
1
 
< DL 122,264 105 < DL 213,436.0 26 < DL < DL < DL 36 0.481 < DL 0.052 0.0020 7.3738 0.0055  7.374 
S12-9-1A < DL 127,388 56.5 < DL 229,142.0 21.8 < DL 3.85 < DL 31.6 0.331 0.093 0.088 0.0017 7.6827 0.003  7.683 
S1-10-5A < DL 90,506.91 65.04 < DL 233,727.9 35.8 < DL 2.16 < DL 35.67 0.38 0.19 0.13 0.0028 5.4585 0.0034  5.458 
BH2-101.6B < DL 94,613.86 51.09 < DL 227,710.0 14.47 62.88 4.29 < DL 23.62 0.37 0.73 0.08 0.0011 5.7062 0.0027  5.706 
S17-2-2MC 0.23 109,520.57 83.56 < DL 235,492.2 47.95 < DL 3.31 0.06 50.55 0.61 2.55 < DL 0.0037 6.6052 0.0044  6.605 
S1-1-1B < DL 105,928.27 69.79 < DL 227,947.1 44.92 52.09 4.94 < DL 59.99 0.3 0.06 0.08 0.0035 6.3885 0.0037  6.389 
S1-5-1B < DL 1,773.16 10.27 < DL 406,533.6 47.98 < DL < DL < DL 97.38 0.56 0.1 0.2 0.0037 0.1069 0.0005  0.107 
S1-10-5A < DL 60,045.33 89.18 < DL 241,293.7 31.17 < DL 3.59 < DL 45.32 0.72 0.05 < DL 0.0024 3.6213 0.0047  3.621 
S4-3 
S
D
2
 
< DL 104,621 58.6 < DL 262,115.0 18.8 72.4 < DL < DL 23 0.705 0.11 1.22 0.0015 6.3097 0.0031  6.31 
S5-4-2B < DL 116,752 43.5 < DL 220,303.0 26.2 168 4.77 < DL 32 0.881 0.065 0.055 0.0020 7.0413 0.0023  7.041 
BH7-8.90A < DL 117,048 332 209 221,031.0 50.1 128 < DL 0.124 38.6 0.95 0.199 0.2 0.0039 7.0592 0.0176 0.009 7.059 
BH7-21.7B < DL 132,353 93.4 < DL 248,310.0 35.4 130 6.02 < DL 27.7 4.89 0.132 0.028 0.0027 7.9822 0.0049  7.982 
S12-1C-A < DL 88,211.46 88.11 < DL 233,357.3 35.07 39.77 < DL < DL 41.19 0.56 < DL < DL 0.0027 5.3200 0.0047  5.320 
S16-2-2C 0.11 98,523.95 186.54 47.85 232,807.3 60.55 85.16 < DL < DL 41.23 0.86 0.14 0.8 0.0047 5.9420 0.0099 0.002 5.942 
S18-5-1A < DL 71,036.58 65.34 < DL 229,840.4 55.61 < DL < DL < DL 30.76 0.95 < DL 0.13 0.0043 4.2842 0.0035  4.284 
S5-2-2A < DL 67,219.59 31.11 < DL 227,923.0 22.38 < DL < DL < DL 32.56 0.71 < DL 0.11 0.0017 4.0540 0.0016  4.054 
S7-4-2 
S
D
3
 
0.179 106,374 92.5 < DL 223,245.0 46.9 87.3 < DL < DL 127 0.605 < DL 0.273 0.0036 6.4154 0.0049  6.415 
S10-1-2 < DL 123,061 84.1 < DL 239,066.0 39.6 < DL < DL < DL 43 0.505 0.096 0.192 0.0031 7.4218 0.0044  7.422 
S12-CC-A 0.17 76,797.15 95.65 < DL 241,461.5 44.51 < DL 4.59 < DL 84.77 0.74 0.05 0.29 0.0034 4.6316 0.0051  4.632 
S12-CC-B < DL 78,861.74 46.85 < DL 252,843.8 45.79 < DL < DL < DL 76.07 0.78 < DL 0.83 0.0035 4.7562 0.0025  4.756 
S12-CC-C 0.09 97,005.00 76.77 56.99 228,448.7 50.04 39.75 < DL < DL 43.43 0.35 < DL 0.07 0.0039 5.8504 0.0041 0.002 5.850 
S12-1C-B 0.12 84,638.93 68.08 52.28 263,112.0 48.82 78.52 < DL < DL 89.08 0.53 0.16 0.65 0.0038 5.1046 0.0036 0.002 5.105 
S12-1C-C < DL 97,108.02 74.49 49.8 230,859.3 41.01 56.29 < DL < DL 32.01 0.42 0.08 < DL 0.0032 5.8566 0.0039 0.002 5.857 
S1-7-5V < DL 101,198.8 73.16 < DL 249,692.1 48.35 < DL 13.42 < DL 83.53 0.59 0.17 0.1 0.0037 6.1033 0.0039  6.103 
1-8-2 
C
C
2
 
< DL 1,847 < DL < DL 363,117.0 31.6 < DL < DL < DL 82.3 0.445 < DL 0.132 0.0024 0.1114 0.0000  0.111 
S10-8-1 0.109 43,935 135 < DL 315,421.0 23.4 < DL 70.04 < DL 89.9 0.875 0.132 0.222 0.0018 2.6497 0.0072  2.649 
S13-P1 < DL 1,894 17.5 < DL 452,209.0 15.1 226 5.28 < DL 232 0.46 0.136 0.777 0.0012 0.1142 0.0009  0.114 
S17-2-2MB < DL 1,688.74 8.34 < DL 400,707.4 46.85 < DL < DL < DL 100.47 0.17 < DL 0.21 0.0036 0.1018 0.0004  0.102 
S1-7-5C 0.97 15,832.4 1,054.23 603.39 323,158.5 59.01 2,430.00 5.55 0.83 51.29 6.82 1.84 0.66 0.0046 0.9549 0.0558 0.028 0.955 
S1-7-5-5 
C
C
3
 < DL 2,176 45.6 < DL 391,896.0 32.2 < DL < DL < DL 91.2 0.336 0.057 0.767 0.0025 0.1312 0.0024  0.131 
S13-2-1A < DL 5,693 40.6 < DL 434,023.0 77.4 < DL < DL < DL 130 0.745 0.121 7.68 0.0060 0.3433 0.0022  0.343 
S1-9-5C 0.79 55,189.4 182.36 < DL 278,213.5 53.01 < DL < DL < DL 122.55 0.34 26.31 0.08 0.0041 3.3285 0.0096  3.328 
S1-10-5C 
C
C
4
 
0.728 48,714 620 753 367,622.0 32.6 242 3.73 0.3 831 69 0.268 1.37 0.0025 2.9380 0.0328 0.035 2.938 
S12-CC-D 0.608 65,577 152 217 355,539.0 20.1 187 < DL < DL 341 42.5 0.19 1.09 0.0016 3.9549 0.0081 0.010 3.955 
S12-MC-C < DL 841.16 36.09 < DL 445,890.4 78.94 < DL < DL < DL 57.3 0.19 0.44 0.05 0.0061 0.0507 0.0019  0.051 
S12-MC-D < DL 2,990.35 10.21 < DL 410,932.6 28.17 < DL < DL < DL 249.91 < DL < DL 0.38 0.0022 0.1803 0.0005  0.180 
S12-MC-E < DL 1,914.24 31.85 < DL 404,095.8 27.44 343.89 < DL < DL 217.31 0.47 < DL 0.51 0.0021 0.1154 0.0017  0.115 
S12-MC-F < DL 721.6 44.74 < DL 410,955.9 88.45 122.47 < DL < DL 73.97 0.28 0.04 0.16 0.0068 0.0435 0.0024  0.043 
S13-P3-A < DL 11,177.6 29.16 26.49 393,888.1 28.69 81.89 < DL < DL 132.01 0.35 0.32 0.39 0.0022 0.6741 0.0015 0.001 0.674 
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Sample ID Li Mg Al Si Ca Mn Fe Zn Rb Sr Ba Pb U 
MnO 
wt% 
FeO 
wt% 
MgO 
wt% 
Al2 O3 
wt% 
SiO2 
wt% 
S12-2-1B 
CC4 
0.5 89,891.2 782.07 343.18 212,508.1 32.18 1,856.40 1.68 1.24 50.24 2.33 1.75 0.55 0.0025 5.4213 0.0414 0.016 5.421 
S18-5-1C < DL 64,290.6 49.25 < DL 219,857.8 26.38 < DL 6.85 < DL 32.27 1.75 0.15 2.21 0.0020 3.8774 0.0026  3.877 
S1-8-3-2B 
L
st
 
0.14 11,870 93.5 < DL 349,218.0 27 < DL < DL 0.101 96.5 0.989 0.115 1.38 0.0021 0.7159 0.0049  0.716 
1-8-3-2 0.355 4,187 30.7 < DL 441,314.0 12.1 < DL 10.7 < DL 861 1.58 0.158 0.608 0.0009 0.2525 0.0016  0.253 
S1-8-4 0.296 2,001 247 388 399,121.0 18.3 269 < DL 0.195 162 2.79 0.185 2.16 0.0014 0.1207 0.0131 0.018 0.121 
S17-2-A < DL 2,047.81 51.05 < DL 409,839.4 15.23 106.02 < DL 0.05 148.64 0.95 0.07 2.14 0.0012 0.1235 0.0027  0.123 
S10-4-2 < DL 1,294.56 17.78 < DL 408,093.8 14.8 < DL 8.2 < DL 178.17 0.73 0.06 0.56 0.0011 0.0781 0.0009  0.078 
 
 
 
 
 
 
 
 
 
 
 
Appendix 5 
Results of REE analysis of selected dolomite and calcite minerals from outcrope and core samples of Qamchuqa Formation. 
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Sample   La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ∑LREE ∑HREE ∑REE 
S9-1-1A 
RD1 
0.002156 0.00251 0.00297 0.00359 0.00391 0.0051 0.005 0.00622 0.00628 0.0073 0.0073 0.01 0.0073 0.0086 0.025 0.0525 0.0775 
BH7-70.9 0.003374 0.00353 0.00515 0.00679 0.0092 0.0114 0.011 0.01395   0.0223 0.02  0.0125 0.051 0.0687 0.1195 
S13-2-1B 0.014601 0.01999 0.02349 0.02521 0.02821 0.0447 0.063 0.02318 0.02739 0.0273 0.0272 0.026 0.0252  0.219 0.1563 0.3751 
S13-5-2A 0.028074 0.0397 0.04069 0.0438 0.05047 0.0596 0.057 0.05583 0.03121 0.0248 0.0495 0.046   0.0319 0.319 0.2387 0.558 
S1-9-6 
RD2 
0.002155 0.00152 0.00202 0.00236 0.0021 0.0028 0.003 0.00347 0.00423 0.0062 0.0062 0.005 0.0055 0.0063 0.016 0.0366 0.0527 
S1-10-3A 0.003170 0.00255 0.00311 0.00372 0.00434 0.005 0.006 0.00556   0.0094 0.011  0.002 0.028 0.0278 0.0553 
S1-10-4A 0.002281 0.00191 0.00249 0.00254 0.00278 0.0038 0.004 0.00523   0.0076 0.006   0.02 0.0191 0.0393 
S5-2-1B 0.006850 0.00879 0.01124 0.01281 0.01505 0.0149 0.015 0.01504   0.0169 0.012  0.0084 0.085 0.0524 0.1376 
S9-1-1B 0.003835 0.00454 0.00572 0.00652 0.00765 0.0108 0.009 0.00808   0.0086 0.006   0.048 0.0231 0.0709 
BH2-9.95A 0.006581 0.00322 0.00448 0.00545 0.00565 0.0104 0.008 0.00908   0.0144 0.013  0.0077 0.044 0.0439 0.0879 
BH2-101.6A 0.004709 0.0034 0.00497 0.00617 0.00718 0.009 0.01 0.00965   0.0139 0.014  0.0073 0.046 0.0445 0.0903 
BH2-9.9B 0.041363 0.01709 0.01948 0.02042 0.01808 0.0268 0.022 0.02073 0.00238  0.0216 0.017  0.0117 0.165 0.0734 0.2387 
S14-1-2D 0.005017 0.00389 0.00492 0.00585 0.00652 0.0089 0.008 0.00613 0.00779 0.0084 0.007   0.0051 0.0034 0.043 0.0377 0.0808 
S1-1-A 
RD3 
0.001737 0.00162 0.00218 0.00234 0.00276 0.0044 0.004 0.00487 0.00434 0.0061 0.0061 0.007 0.0058 0.0063 0.019 0.0405 0.0595 
S1-10-2A 0.002080 0.00166 0.00233 0.00255 0.00237 0.0044 0.004 0.00494   0.0062 0.005   0.019 0.0164 0.0357 
S2-4-1 0.004130 0.00357 0.0049 0.00585 0.0072 0.0079 0.01 0.00928 0.01093 0.0128 0.0129 0.012 0.0118 0.0112 0.043 0.0807 0.1239 
S10-3-2 0.004680 0.00475 0.00583 0.00755 0.00883 0.0113 0.011 0.01381 0.01553 0.018 0.0186 0.017 0.0155 0.0166 0.054 0.115 0.1692 
S5-2-2B 0.006172 0.01076 0.01449 0.01687 0.01968 0.0205 0.02 0.02207 0.02141 0.0223 0.0198 0.016 0.0187 0.0153 0.109 0.1353 0.244 
BH7-82.4 0.006352 0.01105 0.0163 0.02291 0.03273 0.0335 0.034 0.03626 0.03743 0.0373 0.0376 0.035 0.0321 0.034 0.157 0.2496 0.4063 
S12-1C-D 0.016159 0.0251 0.02986 0.03394 0.03866 0.0735 0.145 0.02851 0.03381 0.0346 0.0327 0.032 0.0245   0.362 0.1859 0.5482 
S9-6-1 
RD4 
 
0.005971 0.01054 0.01433 0.01937 0.02456 0.0307 0.027 0.02998 0.00457 0.0016 0.0261 0.027   0.011 0.132 0.1002 0.2326 
BH7-21.7A 0.002520 0.00254 0.00291 0.00351 0.00468 0.0067 0.005 0.00524   0.0074 0.008   0.028 0.0202 0.0482 
S12-10-1D 0.016677 0.02059 0.02229 0.02464 0.02595 0.0407 0.05 0.01905   0.0235 0.019   0.201 0.0613 0.2626 
S12-11-1 0.027958 0.03761 0.03966 0.04246 0.05423 0.08 0.113 0.04465 0.02203  0.0526 0.049   0.394 0.1686 0.563 
S12-2-1A 0.038987 0.05856 0.06529 0.07289 0.08656 0.1428 0.178 0.07638 0.08096 0.086 0.0844 0.074 0.0671   0.643 0.4685 1.1115 
  
225 
 
Sample   La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ∑LREE ∑HREE ∑REE 
S1-10-5B 
RD5 
 
0.002068 0.00192 0.00245 0.00303 0.00328 0.0047 0.005 0.00397 0.00535 0.0048 0.006 0.005 0.0046 0.0056 0.022 0.0356 0.058 
S1-11-5C 0.006348 0.00499 0.00536 0.0057 0.00501 0.0085 0.007 0.00691   0.0081 0.007   0.043 0.0218 0.0645 
S14-1-2A 0.003469 0.00245 0.00332 0.00418 0.00425 0.006 0.006 0.00518   0.0043 0.005   0.029 0.0148 0.0441 
BH2-9.95B 0.004626 0.00362 0.00541 0.00669 0.00789 0.0102 0.012 0.01153   0.0179 0.017  0.0034 0.05 0.0498 0.1001 
S16-2-1B 0.005014 0.00414 0.00528 0.00656 0.00716 0.0085 0.01 0.00933   0.0129    0.046 0.0222 0.0684 
S18-5-1B 0.001752 0.00137 0.00179 0.00201 0.00191  0.003 0.00306   0.0044    0.011 0.0075 0.0189 
S18-6A 0.005050 0.00221 0.00311 0.00351 0.00333   0.005 0.00401 0.00512 0.0061 0.0057   0.0041 0.0045 0.022 0.0296 0.052 
S1-5-1A 
SD1 
 
0.008942 0.00854 0.00997 0.01044 0.0105 0.0143 0.013 0.01205     0.0134 0.014   0.0049 0.076 0.044 0.1202 
S12-9-1A 0.001672 0.00139 0.00159 0.0017 0.00175 0.0025 0.002 0.0026   0.0031    0.013 0.0058 0.0185 
S1-10-5A 0.001635 0.00125 0.00147 0.00154 0.00153 0.0021 0.002 0.00195   0.0027    0.012 0.0047 0.0166 
BH2-101.6B 0.002887 0.00193 0.00256 0.00303 0.00368 0.0074 0.005 0.00443   0.0051 0.007   0.027 0.0167 0.0434 
S17-2-2MC 0.029438 0.03482 0.03418 0.03478 0.03098 0.0518 0.031 0.02718   0.0181    0.247 0.0453 0.2919 
S1-1-1B 
SD2 
 
0.005888 0.00431 0.00505 0.00561 0.00568 0.0234 0.015 0.0079 0.00733 0.0087 0.0082 0.007 0.0092 0.0085 0.065 0.0563 0.1212 
S1-5-1B 0.010519 0.01078 0.01137 0.01111 0.01019 0.0196 0.012 0.00955   0.0089 0.009   0.086 0.0273 0.1128 
S1-10-5A 0.002020 0.00164 0.00241 0.00258 0.00341 0.0046 0.005 0.00383 0.00471 0.005 0.0051  0.0043 0.0062 0.021 0.0291 0.0505 
S4-3 0.008230 0.00851 0.01059 0.01223 0.01435 0.019 0.015 0.01611   0.013 0.012  0.0031 0.088 0.0442 0.1322 
S5-4-2B 0.017273 0.02353 0.02367 0.02367 0.02085 0.042 0.019 0.01699   0.012    0.17 0.029 0.1993 
BH7-8.90A 0.049584 0.02864 0.03437 0.03826 0.03477 0.0535 0.044 0.03949 0.03711 0.0382 0.0361 0.035 0.0255 0.0281 0.284 0.239 0.5227 
BH7-21.7B 0.016100 0.01693 0.02181 0.02453 0.02985 0.0423 0.038 0.04035 0.02151 0.0194 0.0437 0.036  0.0303 0.19 0.1915 0.3813 
S12-1C-A 0.034020 0.03487 0.03881 0.04403 0.04619 0.0877 0.05 0.04647 0.04266 0.0415 0.0357 0.034 0.0274 0.0302 0.336 0.2574 0.5934 
S16-2-2C 0.008778 0.00443 0.0045 0.00485 0.00501 0.0089 0.007 0.00621   0.0079    0.043 0.0141 0.0573 
S18-5-1A 0.002110 0.00138 0.0017 0.00201 0.00234  0.003 0.00279 0.00454 0.0049 0.0057  0.0058 0.0055 0.012 0.0292 0.0414 
S5-2-2A 
SD3 
 
0.008850 0.00845 0.00944 0.01009 0.01135 0.0131 0.013 0.01216 0.01176 0.0126 0.0128 0.011 0.0125 0.0141 0.074 0.0872 0.1615 
S7-4-2 0.004653 0.00449 0.00611 0.00774 0.00817 0.0123 0.01 0.01327   0.0151 0.017  0.0104 0.054 0.0557 0.1096 
  
226 
 
Sample   La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ∑LREE ∑HREE ∑REE 
S10-1-2 
SD3 
0.006461 0.00469 0.00675 0.00852 0.00878 0.0129 0.011 0.01149   0.0155 0.016  0.0069 0.06 0.0497 0.1093 
S12-CC-A 0.016684 0.02015 0.02118 0.02385 0.02588 0.0452 0.027 0.02807   0.023 0.019  0.0108 0.18 0.0805 0.2606 
S12-CC-B 0.026541 0.02998 0.03168 0.0341 0.03484 0.0764 0.036 0.03808 0.01624 0.0106 0.028 0.024  0.013 0.27 0.1303 0.4004 
S12-CC-C 0.038842 0.0382 0.04244 0.04685 0.05138 0.0919 0.051 0.05022 0.02442 0.0213 0.0396 0.036  0.0291 0.361 0.2006 0.5615 
S12-1C-B 0.029816 0.03514 0.03608 0.03947 0.03966 0.1342 0.145 0.02922 0.00798  0.0328 0.029   0.459 0.0987 0.558 
S12-1C-C 0.024702 0.02861 0.02957 0.03245 0.03312 0.097 0.131 0.02609 0.0014   0.0285 0.026     0.376 0.0815 0.4578 
S1-7-5V 
CC2 
 
0.037828 0.04846 0.06898 0.08238 0.10929 0.1444 0.126 0.12993 0.09918 0.086 0.0984 0.089 0.0395 0.0841 0.618 0.6259 1.2436 
1-8-2 0.016184 0.02473 0.02705 0.03136 0.03788 0.0701 0.042 0.03326 0.03115 0.0274 0.0231 0.018 0.016 0.0148 0.249 0.1634 0.4124 
S10-8-1 0.003306 0.0024 0.003 0.00312 0.00344 0.0055 0.005 0.00532   0.0042    0.026 0.0096 0.0351 
S13-P1 0.066676 0.08221 0.11646 0.13749 0.17719 0.2476 0.212 0.21735 0.16718 0.1565 0.1736 0.156 0.0707 0.1351 1.04 1.0765 2.1164 
S17-2-2MB 0.046334 0.03746 0.05609 0.06379 0.06847 0.0963 0.08 0.07962 0.06172 0.0626 0.0957 0.098 0.0131 0.0855 0.449 0.4961 0.945 
S1-7-5C 
CC3 
 
0.023671 0.03137 0.04499 0.05614 0.06726 0.0811 0.066 0.06728 0.04037 0.0369 0.0522 0.049 0.0017 0.0427 0.371 0.2904 0.661 
S1-7-5-5 0.008100 0.011 0.01616 0.02096 0.02874 0.0474 0.034 0.03486 0.01053 0.0052 0.0295 0.024 0 0.0285 0.167 0.1327 0.2993 
S13-2-1A 0.060445 0.07533 0.10483 0.12292 0.15862 0.2688 0.353 0.13476 0.12605 0.1259 0.1478 0.134 0.0454 0.3166 1.144 1.0304 2.1746 
S1-9-5C 
CC4 
0.005082 0.00485 0.00599 0.00695 0.00813 0.0121 0.01 0.00928   0.0111 0.015  0.0061 0.054 0.0411 0.0946 
S1-10-5C 0.002729 0.00285 0.00319 0.00384 0.00467 0.0063 0.004 0.00555   0.0059    0.028 0.0114 0.0392 
S12-CC-D 0.004818 0.00404 0.00414 0.00405 0.00252 0.003 0.002 0.00077   0.0013 0.004   0.025 0.006 0.0306 
S12-MC-C 0.038302 0.06047 0.09316 0.12377 0.18366 0.2896 0.303 0.17993 0.17956 0.1625 0.1888 0.17 0.1097 0.2585 1.092 1.2489 2.3405 
S12-MC-D 0.011075 0.01481 0.02019 0.02596 0.04002 0.0582 0.069 0.03738 0.01647  0.0422 0.038   0.239 0.134 0.3734 
S12-MC-E 0.003141 0.00314 0.00379 0.00472 0.00521 0.0091 0.008  0.00478  0.005  0.0042  0.037 0.014 0.0511 
S12-MC-F 0.075878 0.10016 0.13954 0.18195 0.22829 0.3716 0.421 0.18967 0.17543 0.1646 0.1807 0.174 0.0767 0.2924 1.519 1.2537 2.7724 
S13-P3-A 0.016215 0.0221 0.02421 0.02669 0.03675 0.0454 0.068 0.04006 0.04731 0.0518 0.0511 0.053 0.0547  0.239 0.2976 0.5368 
S12-2-1B 0.010589 0.01723 0.02289 0.02741 0.0312 0.0588 0.069 0.02502 0.00297  0.0247 0.021   0.237 0.074 0.3108 
S18-5-1C 0.001857 0.00152 0.0021 0.00256 0.00305   0.004 0.00425     0.0087       0.015 0.0129 0.0283 
  
227 
 
 
Sample   La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu ∑LREE ∑HREE ∑REE 
S1-8-3-2B 
Lst-HR 
0.010626 0.01273 0.01495 0.0169 0.01879 0.0255 0.021 0.01908 0.01938 0.0167 0.0178 0.019 0.0142 0.0139 0.12 0.12 0.2401 
1-8-3-2 0.005217 0.00552 0.00675 0.00813 0.00795 0.0137 0.01 0.01038 0.00885 0.0097 0.0088 0.007 0.0069 0.0059 0.057 0.0574 0.1146 
S1-8-4 0.005045 0.0053 0.00609 0.007 0.00751 0.0102 0.008 0.00908   0.0087 0.007   0.05 0.0247 0.0742 
S17-2-A 0.007601 0.00846 0.01116 0.0124 0.01215 0.0158 0.014 0.01465 0.01397 0.0156 0.0138 0.018 0.0116 0.0099 0.082 0.0973 0.1793 
S10-4-2 0.003213 0.00262 0.00326 0.00375 0.00414 0.0062 0.005 0.00507 0.00526 0.0059 0.0065   0.0048 0.0051 0.028 0.0327 0.0606 
  
228 
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